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Thesis Abstract 
This thesis describes the utility of molecular techniques to detect and identify predator/prey interactions in 
temperate marine ecosystems with an emphasis on the southern rock lobster, (Jasus edwardsii) in 
Tasmania.  A range of DNA-based methods are developed and implemented to better understand the role 
of this important benthic predator in shaping reef communities.  The design and testing of numerous 
general and species-specific PCR primers is detailed and the utility of these PCR-based assays for 
monitoring trophic interactions is explored.  Captive feeding experiments examine the efficacy of single-
species-specific prey detection assays for detection of predation by southern rock lobsters (Jasus edwardsii), 
and also determine the longevity of the DNA signal and the possibility of quantitative PCR to infer the 
relative amount of prey consumed by these decapod crustaceans.   Based upon these results, the molecular 
methodologies were tested in a large scale manipulative field experiment to investigate the predation 
capacity of southern rock lobsters on sea urchins (Centrostephanus rodgersii and Heliocidaris 
erythrogramma) to understand the shaping of benthic habitats via rock lobster predation in the wild.  The 
results of the dietary component of this experiment are presented and the implications for management 
are explored briefly.  To understand the role of Jasus edwardsii in the marine environment, a broad scale 
molecular prey inventory approach was used to determine the overall diet of southern rock lobsters both 
spatially at  fished and unfished locations and temporally at sites over several years in Tasmania by using 
molecular cloning and the use of the 454 Next Generation / pyrosequencing platform.  The results of these 
southern rock lobster prey inventories are presented as well as several other examples of situations with 
other marine animals using related applications of molecular dietary methods where prey information is 
difficult to obtain (cephalopods) or is problematic due to the challenges of capturing predators 
(elasmobranchs).   Also provided is a critical review of the utility of molecular prey detection in examining 
the diet of marine crustaceans, cephalopods and chondrychthians and the thesis concludes by summarising 
the benefits and pitfalls in using DNA-based dietary methods to address both specific predator-prey issues 
and more general broad scale trophic webs. 
Key Words: Molecular prey detection, molecular trophic interactions, prey inventory, rock 
lobster diet, Jasus edwardsii, rock lobsters, sea urchins, Centrostephanus rodgersii, Heliocidaris 
erythrogramma, polymerase chain reaction (PCR), quantitative PCR, Real Time PCR, seven gilled 
shark, Notorynchus cepedianus, Octopus vulgaris, paralarvae, prey detection 
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Chapter 1 
General Introduction 
“….forever in debt to your priceless advice….” 
Heart Shaped Box 
Nirvana 
In Utero 
1993 
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Chapter 1: General introduction 
1.1 Abstract 
In this thesis, I describe the use of molecular techniques to detect and identify predator/prey 
interactions.  A range of DNA based methods are explored and compared with more traditional 
approaches to dietary analysis.  
Key Words Molecular prey detection, molecular trophic interactions, prey inventory, rock lobster 
diet, Jasus edwardsii, 454 sequencing, clone library, 
1.2 Introduction 
The trophic role of predators and their link to food webs is an important question for ecologists 
(Braccini, 2008, Casper et al., 2007b, Moloney et al., 2011, Rosas-Luis et al., 2014).  However, it 
can be challenging to monitor the behaviour and dietary intake of predators at all times and in all 
possible locations (Beckerman et al., 2006). Nocturnal predation events can be virtually 
impossible to observe and animals which reside and forage in complex habitats or remote 
locations are even more difficult to follow (Deagle et al., 2007, Dalén et al., 2004, Sheppard et al., 
2004, McMahan et al., 2013).  The marine environment presents additional challenges for 
research on predator / prey relationships with depth, location, habitat complexity, water 
temperature and light availability providing just a few of the constraints on understanding and 
monitoring predation events in situ (Passmore et al., 2006, Jarman and Wilson, 2004, Fox et al., 
2012, Hudson and Wigham, 2003).  Climate related changes to ecosystems, which can lead to 
shifts in both predator and prey abundance and distribution, are presently of considerable 
importance (Ling et al., 2009a, Corrigan et al., 2011, Coyle et al., 2011).  Monitoring trophic 
interactions is a valuable method of tracking these changes and in many cases, represents the 
best possible method of describing ecosystem change and resilience (Jaeger and Cherel, 2011, 
Pearce-Higgins, 2010).   There has been considerable debate over whether ‘top down’ or ‘bottom 
up’ processes are driving ecosystem change (Ling and Johnson, 2009, Christofoletti et al., 2010, 
Shears and Babcock, 2002, McClanahan and Shafir, 1990). Predation is an extremely important 
mechanism within the complex functioning ecosystem and therefore prey detection represents a 
valuable tool in understanding these two theoretical differences which can shed additional light 
on this long-running debate (Wabnitz et al., 2010). 
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1.3 Traditional approaches 
The study of predator diets has traditionally necessitated a lethal sampling strategy to capture 
the predator and to remove the gut contents from the animal by dissection (Hyslop, 1980, Pierce 
and Boyle, 1991).  The gut contents must then be examined by visual methods and grouped into 
the most accurate taxonomic clusters using a microscope or simple sorting protocols (Hyslop, 
1980, Hickman, 1945, Light et al., 1983).  While this approach can be successfully employed on 
animals with large fragments of prey in their digestive tracts, or on prey which have hard parts 
remaining in predator stomachs, there are many groups of animals where visual inspections yield 
little or no dietary information (Nejstgaard et al., 2003, Williams, 1981).  The prey of many 
invertebrate predators is often visually unrecognizable due to efficient chemical and mechanical 
digestion as well as the maceration-based feeding style which these animals exhibit (Blankenship 
and Yayanos, 2005, Symondson, 2002).  This is even more challenging when small animals, such 
as larvae, are the predators in question (Roura et al., 2010, Chow et al., 2006) and the prey are 
extremely small and often highly degraded by digestion. 
In addition, many works describing the diet of predators are based on relatively low sample sizes 
(Ambrose, 1984, Cortes and Gruber, 1990, Lordan et al., 1998) which may be a result of the 
collection technique used (Pierce and Boyle, 1991) or the availability of animals to study (Lordan 
et al., 1998).  Although the visual inspection methods presented in these early papers are useful 
as reference material, there are many species upon which traditional capture and dissection 
would no longer be feasible (e.g. threatened, endangered and protected species) and a wide 
range of additional animals from which little dietary information could be obtained using these 
visual inspection techniques (Mayfield et al., 2000c). 
As conservation of species and animal ethics considerations have become increasingly important 
in designing sampling methods, an entirely new field of prey identification, based upon laboratory 
techniques, has been developed (Symondson, 2002, Symondson and Liddell, 1995, Kear, 1992, 
Sint et al., 2011, Waldner and Traugott, 2012).  The techniques in this new area employ 
laboratory-based methods such as protein chemistry, ELISA, stable isotopes, fatty acids and DNA 
to determine predator diets by methods in addition to or in lieu of the traditional dissections and 
visual inspections (Agusti et al., 2003b, Dalén et al., 2004, Symondson and Liddell, 1995, Mayfield 
et al., 2000c, Guest et al., 2009, Clare et al., 2009 , Mumma et al., 2016, Zarzoso-Lacoste et al., 
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2016).  Each of these laboratory-based techniques has strengths and weaknesses which are 
associated closely with the digestive system of the predator, the power and limitations of the 
laboratory technique and the ecological questions being posed (Mayfield et al., 2000c, 
Symondson, 2002, King et al., 2008a, Roualdes et al., 2016). 
1.4 Rise of technology: new approaches 
There are considerable benefits from understanding the role of predators in their environment, in 
both terrestrial and aquatic systems.  The pioneers of modern molecular prey detection were 
focused on agricultural and fisheries research applications (Zaidi et al., 1999, Chen et al., 2000, 
Hoyt et al., 2000, Zhu et al., 2000).  This is perhaps the reason that these two research areas 
continue to lead the way in devising new approaches to prey detection in both marine and 
terrestrial ecosystems (Symondson, 2002, Jarman et al., 2004, Agusti et al., 1999, Lea et al., 2002, 
Zarzoso-Lacoste et al., 2013, Roslin and Majaneva, 2016, Peters et al., 2015).  Of notable 
importance are the interactions between species in agriculture for the implementation of 
biological control programs (Agusti et al., 2003b) and in eliminating pest species from native 
environments (Sheppard et al., 2004, Hoogendoorn and Heimpel, 2001).  For marine ecosystems, 
the primary focus has been on understanding the basic trophic relationships which exist in often 
remote and poorly studied areas (Passmore et al., 2006, Raclot et al., 1998, Corse et al., 2015).  
The use of non-invasive sampling techniques, coupled with laboratory analysis has paved the way 
for an entirely new set of trophic investigations, on animals as small as paralarvae (Roura et al., 
2010) and as large as whales (Jarman et al., 2002).  
1.5 Molecular techniques and applications 
The focus of this thesis is on the development and use of DNA-based assays to better understand 
the diet of several important marine predators, principally the southern rock lobster (Jasus 
edwardsii) in Tasmania.  There are two broad categories into which molecular prey detection 
assays can be classified; broad/general assays and prey species-specific assays - both of which 
have been explored in this thesis. 
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The selection of which assay to use depends largely on the predator being studied, the ecological 
questions being asked,  and any previous knowledge about the potential prey items which may be 
consumed by the predator (King et al., 2008a, Clare, 2014).  For example, a predator may be 
feeding on just a few species, and therefore a species-specific assay will allow the researcher to 
determine how important each of these species is in the diet of the predator (Vestheim et al., 
2005, Zhu and Greenstone, 1999, Redd et al., 2008, Kartzinel and Pringle, 2015).  Directly 
targeting a relevant ecological question is a valuable way to utilize molecular prey detection 
techniques (Symondson, 2002, King et al., 2008a).  Examples of this include the question of 
whether larval cod are consumed by other fish species (Rosel and Kocher, 2002), the role of 
spiders as aphid predators in agricultural areas (Agusti et al., 2003a), the dietary range of bats 
(Clare et al., 2011), and developing methods to control insects which damage pear crops (Agusti 
et al., 2003b).  In this thesis, the role of the southern rock lobster (Jasus edwardsii) in regulating 
populations of two sea urchin species Centrostephanus rodgersii and Heliocidaris erythrogramma 
was explored using species-specific PCR primer sets designed to detect the sea urchin species 
(Chapter 5).  Alternatively, the predator may be foraging on a much wider range of prey which 
necessitates a broad/generalist approach as shown in salmon preyed upon by seals (Parsons et al., 
2005), and arrow squid (Braley et al., 2010).  In this thesis, the broad approach was explored by 
developing group-specific PCR primers (Jarman et al., 2006) for use on any marine predator and 
by using general/universal PCR primers on unidentified prey of the seven gilled shark 
(Notorynchus cepedianus) (Barnett et al., 2009) and common octopus (Octopus vulgaris) 
paralarvae (Roura et al., 2012) (Chapter 7). 
 
Numerous DNA-based prey detection studies have been developed and performed on such 
diverse animals as krill, martens, seals, penguins, leopard cats, whales, whale sharks, spiders and 
a vast array of insects (Read et al., 2006, Jarman and Wilson, 2004, Jarman et al., 2002, Deagle et 
al., 2009, Passmore et al., 2006, Deagle et al., 2010, O'Meara et al., 2014, Xiong et al., 2016).  
Much of this work has focused on gaining a general understanding of the role of the predator in 
the ecosystem and in the ability of the techniques to be applied to the ecological system in 
question.  At present, few studies have undertaken a large-scale temporal and spatial sampling 
regime to examine specific dietary changes associated with a specific organism, as I have in 
Chapter 5.   In this thesis I also explored the latest developments in 454/pyrosequencing to 
provide information on spatial and temporal changes in predator diets (Chapter 6). The primary 
focus of this thesis is the use and evaluation of molecular prey detection techniques to 
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understand the trophic linkages in marine systems highlighting specific locations to address a key 
management question of concern.   
 
1.6 Overall structure of this thesis 
 
The molecular techniques in this thesis were devised primarily for the southern rock lobster 
(Jasus edwardsii) to allow for numerous field samples to be collected non-lethally, and to be 
subsequently processed and efficiently analysed in the laboratory.   The development of a non-
lethal dietary collection approach enabled large numbers of lobsters to be obtained from Marine 
Protected Areas (MPAs) and on fisher’s vessels as the lobsters could be returned to the reserve or 
fisher unharmed. In this project large numbers of dietary samples were collected both spatially 
and temporally and a 96 well format for DNA extraction was determined to be ideal for sample 
handling and purification as well as for use in a range of downstream applications such as the 
quantitative Real Time Polymerase Chain Reaction (qPCR) platform.  This high throughput 
molecular system made it possible to analyse a large numbers of samples across broad temporal 
and spatial scales.  This sampling strategy best suited the nature of rock lobster distribution and 
allowed for material to be collected in a relatively short amount of time by a small research team 
on board a boat using baited traps, without necessity of hand-capturing each lobster by SCUBA 
diving. 
 
The specific ecological questions associated with the role of the southern rock lobster on 
nearshore temperate reefs revolved around several themes:  the development of molecular 
methods to address the diet of the southern rock lobster (Chapters 2, 3 and 4), interaction 
between rock lobsters and other reef dwelling organisms (Chapter 5), impact of rock lobster 
removals on the ecosystem (Chapters 5 and 6), differences between fished areas and unfished 
areas (Chapters 5 and 6), changes in rock lobster diet over time and shifts in diet across size and 
gender (Chapters 5 and 6).  Each of these questions necessitated a different type of molecular 
assay as a method of exploring the diet and role of the rock lobster and additionally was 
expanded to other marine organisms to highlight the utility of the techniques (Chapter 7).   
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Chapter 2 overview 
 
The second chapter of this thesis details the non-lethal method of rock lobster faecal sample 
collection, and describes the temporal longevity of the molecular signal as a result of feeding 
experiments developed to assess the utility of species-specific prey detection assays.  This 
chapter has been published as: 
  
Redd, K., Jarman, S., Frusher, S. & Johnson, C. (2008). A molecular approach to identify 
prey of the southern rock lobster. Bulletin of Entomological Research- Special Edition 
Molecular Trophic Interactions 98, 233-238. 
 
Chapter 3 overview 
 
The third chapter details the method of PCR primer design and the suite of primers which have 
been designed for use in marine-based prey detection assays. The primer design method outlined 
in this chapter and the software package of AMPLICON (Jarman, 2004) form the basis of all PCR 
primers designed and used in this thesis.  Portions of this primer design approach have been 
previously published as follows, but this thesis chapter contains additional species-specific 
primers designed for use in temperate Australian marine ecosystems: 
 
Jarman, S., Redd, K., & Gales, N. (2006). Group-specific primers for amplifying DNA  
sequences that identify Amphipoda, Cephalopoda, Echinodermata, Gastropoda, Isopoda, 
Ostracoda and Thoracica. Molecular Ecology Notes 6, 268-271. 
 
Chapter 4 overview 
 
The fourth chapter examines the utility of the sensitive genetic technique, quantitative Real Time 
Polymerase Chain Reaction (qPCR), to measure the amount of prey DNA in rock lobster faecal 
samples.  Feeding trials in a series of tank-based experiments were undertaken to control the 
dietary intake of the rock lobsters prior to collection of faecal material for downstream molecular 
analysis.  
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Chapter 5 overview 
 
The fifth chapter describes an ecological application of the species-specific prey detection 
technique to examine the interaction between rock lobsters and potential benthic prey species, 
Centrostephanus rodgersii and Heliocidaris erythrogramma, using a large scale controlled 
experiment in eastern Tasmania.  Rock lobsters were introduced to extensive areas of sea urchin 
‘barrens’ and adjacent kelp habitats and these rock lobsters were sampled over time at these 
locations to determine the extent of rock lobster predation on both sea urchin species using 
specific sea urchin detecting PCR primers and the quantitative Real Time PCR platform.  This 
chapter has been published in Molecular Ecology: 
 
Redd, K., Ling, SD., Frusher, SD., Jarman, SD. and Johnson, CJ. (2014). Using molecular 
prey detection to quantify rock lobster predation on barrens-forming sea urchins. 
Molecular Ecology, 23(15), 3849-3869. 
 
Chapter 6 overview 
 
The sixth chapter describes a broad molecular approach to look at the entire dietary inventory of 
rock lobster populations over time with an additional emphasis on spatial variability in diet and 
the variations in diet between fished and unfished populations of rock lobsters.  This chapter 
covers the lobster dietary samples collected at Maria Island (2005-2010) and at sites in fished 
locations, the advantages and disadvantages of clone library creation with the use of vectors and 
plasmids for this purpose, and colony PCR to sequence the results.  Additional data were 
generated by the use of “Next Generation” 454/pyrosequencing and extensive GENBANK 
searches to match prey species.  This chapter is currently being prepared for publication: 
 
Redd, K., Ling, SD., Johnson, CJ., Frusher, SD., Jarman, SD. Utility of 454 sequencing 
technology in unravelling predator/prey relationships. Marine Biology, (In preparation). 
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Chapter 7 overview 
 
The seventh chapter of this thesis provides an overview of the potential for DNA dietary analysis 
to address key ecosystem questions from zooplankton to large predators. Specifically, the chapter 
provides a discussion on the advantages and disadvantages of dietary DNA to improve our 
knowledge on the trophic relationship of European octopus (Octopus vulgaris) paralarvae in the 
pelagic ecosystem, rock lobsters (Jasus edwardsii) in benthic reef ecosystems and the seven gilled 
shark (Notorynchus cepedianus) in coastal bays and estuarine ecosystems.  This chapter includes 
a detailed explanation and critique of the methods used throughout and a guide to using 
molecular methods for other applications.  The additional applications have been published as: 
 
Barnett, A., Redd, K., Frusher, S., Stevens, J. & Semmens, J. (2010). Non- lethal method to 
obtain stomach samples from a large marine predator and the use of DNA analysis to 
improve dietary information. Journal of Experimental Marine Biology and Ecology, 393, 1-
2,188-192. 
 
Roura, Á., Guerra, Á, Redd, K., González,  Á. (2012) Molecular prey identification in wild 
Octopus vulgaris paralarvae. Marine Biology, 159, 6, 1335-1345. 
 
Chapter 8 overview 
 
The eighth chapter of this thesis provides a brief conclusion which summarizes key results and 
highlights the utility of the molecular prey detection techniques which were developed to 
improve our knowledge on the trophic relationships of temperate marine predators. 
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Chapter 2: 
 
A molecular approach to identify prey of 
the southern rock lobster 
 
This chapter has been published as: 
 
Redd, K., Jarman, S., Frusher, S. & Johnson, C. (2008). A molecular approach to identify 
prey of the southern rock lobster. Bulletin of Entomological Research- Special 
Edition Molecular Trophic Interactions 98, 233-238. 
 
Minor changes to the chapter have been undertaken to ensure consistency in formatting 
of text, figures and tables. 
 
 
 
 
 
“…I'm having a daydream, we're getting somewhere…” 
 
Rome wasn’t built in a day 
Morcheeba 
Fragments of Freedom 
2000 
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Chapter 2: A molecular approach to identify prey of the southern 
rock lobster 
 
2.1 Abstract 
 
I demonstrate the use of molecular techniques to detect specific prey consumed by the southern 
rock lobster (Jasus edwardsii). A quick and non-lethal method was used to collect rock lobster 
faecal material and a molecular protocol was employed to isolate prey DNA from faecal samples. 
The isolated DNA was amplified using the polymerase chain reaction (PCR) with PCR primers 
designed to target specific prey items. Feeding experiments determined that DNA from blacklip 
abalone (Haliotis rubra) and sea urchins (Centrostephanus rodgersii and Heliocidaris 
erythrogramma) can be detected in rock lobster faecal samples within seven hours and remains 
present for up to 60 h after ingestion.  
 
Keywords: Jasus edwardsii, Haliotis rubra, polymerase chain reaction (PCR), prey detection, rock 
lobster diet 
2.2 Introduction 
 
In many near-shore temperate reef ecosystems, rock lobsters are a dominant predator effecting a 
top-down control of benthic community structure (Shears and Babcock, 2003, Mayfield and 
Branch, 2000, Tarr et al., 1996). However, detailed knowledge of rock lobster diets and spatial 
and temporal variability in diet is poorly understood. This information is crucial to informed 
management at an ecosystem level of rocky reefs and the important fisheries they support. The 
establishment of no-take marine protected areas (MPAs), where commercial and recreational 
fishing is prohibited, has provided a useful resource for monitoring of key temperate reef 
organisms (Edgar et al., 1997). This has recently led to speculation that southern rock lobster 
(Jasus edwardsii) predation may underpin an apparent decrease in densities of young abalone 
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within the Tasmanian MPAs (Edgar and Barrett, 1999, Barrett et al., 2003). Currently, there is no 
method to test this hypothesis or to evaluate the predation patterns of southern rock lobsters in 
the wild. Furthermore, these are both high value fishery species and, thus, an interesting trophic 
interaction to monitor.  
Previous research on predator-prey relationships of crustaceans has largely involved gut 
dissection and relied on visual analysis to identify prey remains (Mayfield et al., 2000c, Ennis, 
1973, Fielder, 1965, Hickman, 1945, Jernakoff et al., 1993). This approach has shown that the diet 
of lobsters varies widely with season and that lobsters are selective feeders (Barkai et al., 1996, 
Joll and Phillips, 1984, Mayfield et al., 2000a, Mayfield et al., 2000b). The physical process of 
digestion, however, makes visual assessment of gut contents difficult, and gut content analysis 
has many biases due to varying rates of gut retention, digestion and erosion of prey material. The 
collection of foregut contents for inspection also necessitates the mortality of the studied lobster 
(Jernakoff et al., 1993, Joll and Phillips, 1984, Mayfield et al., 2000c, Hickman, 1945, Williams, 
1981, Mayfield et al., 2000a) so that large scale surveys are problematic. Killing animals to identify 
prey is also unlikely to be acceptable if the study population resides in an MPA (Ward et al., 2001). 
Visual inspection of gut contents is known to miss soft-bodied prey organisms, such as abalone 
and other gastropod molluscs, and may result in up to 90% of the gut contents being 
unidentifiable (Mayfield et al., 2000c). Non-lethal techniques to determine dietary intake are 
essential because of the high value of live rock lobsters in the commercial fishery and to enable 
ongoing work inside MPAs. 
For most marine predators, unbiased identification of prey is problematic, but new protocols are 
emerging that allow the unambiguous detection of prey species in predator diets. Recent 
advances in molecular biology have been used to elucidate diets of animals in a wide range of 
taxonomic groups, such as fish (Rosel and Kocher, 2002), giant squid (Deagle et al., 2005a), wasps 
(Kasper et al., 2004), spiders (Agusti et al., 2003a) and even introduced insects capable of foraging 
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in native forests (Sheppard et al., 2004). Molecular techniques take advantage of unique DNA 
sequences in species or in groups of organisms and can provide detailed and precise information 
about predator-prey relationships (Juen and Traugott, 2005, Jarman and Wilson, 2004, Deagle et 
al., 2005a, Nejstgaard et al., 2003, Agusti et al., 2003a). 
In the marine environment, protocols have been developed successfully to isolate prey DNA from 
the faeces of predators (Vestheim et al., 2005, Nejstgaard et al., 2003, Deagle et al., 2005b, 
Jarman et al., 2004). The DNA is amplified using polymerase chain reaction (PCR) with specific 
primers that target gene regions of prey species (Sheppard and Harwood, 2005, Jarman et al., 
2004). The techniques developed have shown that the identity of prey species can be 
unambiguously detected in this manner (Symondson, 2002). A major incentive for development 
of non-invasive techniques as an alternative to direct stomach content analysis has been to allow 
the non-lethal study of endangered or protected animal species (Jarman et al., 2004, Deagle et al., 
2005b, Farrell et al., 2000, Symondson, 2002, Jarman and Wilson, 2004, Jarman et al., 2002). 
In Tasmania, lobsters are the basis for a lucrative commercial fishery where fishers land and sell 
their lobsters live to discerning domestic and international markets. For fishers to support our 
research, it was necessary to obtain dietary information while still leaving the lobsters in perfect 
condition for subsequent sale. The capacity to use animals caught in traps was also important to 
enable researchers to obtain samples aboard commercial rock lobster fishing vessels, to access 
remote areas of lobster habitat and to obtain animals from deep-water reefs outside standard 
scuba diving depths.  
The aims of this paper were threefold. Firstly, we demonstrated a non-lethal approach to 
obtaining dietary samples; secondly, we determined if faecal material could be used to identify 
prey using molecular methods; and, thirdly, we determined if the longevity of the DNA signal was 
sufficient to include prey items from lobsters that would be retained in traps for up to 24 h.  
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2.3 Materials and methods 
Feeding trials 
 
Rock lobsters for feeding trials were captured by scuba diving in the Crayfish Point Marine 
Reserve at Taroona, Tasmania (42.95°S, 147.34°E) in April 2004 and May 2005. Lobsters were 
collected opportunistically, ensuring an even distribution of sexes and a wide range of sizes. All 
captured lobsters were measured and carapace length (CL) was recorded to the nearest 
millimeter.  
Captured lobsters were immediately taken to the laboratory and kept in aerated, flow-through 
seawater tanks. For the duration of the feeding trials, lobsters were maintained under ambient 
light conditions and water temperatures in outdoor aquaria at the Marine Research Laboratories, 
Taroona, Tasmania.  
For each trial, the lobsters were placed in one section of a 450 l tank separated into three 
sections with plastic mesh and dividers. Each lobster was provided with a 400 mm×200 mm 
concrete block as a shelter. All lobsters were starved for 72 h prior to each feeding trial to 
facilitate gut evacuation and to remove any remaining prey DNA from the digestive tract. For 
each trial, approximately 15 g of fresh food material was given to each lobster. This material was 
prepared by shucking live abalone (Haliotis rubra) and cutting the foot tissue into approximately 
15 g portions. Common sea urchins (Heliocidaris erythrogramma) and long-spined sea urchins 
(Centrostephanus rodgersii) were shucked alive and approximately 15 g portions of roe and 
viscera were used as food. Food was introduced to each lobster at 1700 h and individual lobsters 
were monitored for feeding activity. Only lobsters that actively fed and consumed the entire food 
sample within the first hour were used in the feeding trials. No additional food was provided to 
lobsters for the duration of the trial and each lobster was sampled once per feeding trial. Lobsters 
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were selected for faecal collection over the next five days at the times (hours after 
commencement of feeding) given in table 1. Lobsters were selected randomly to eliminate any 
tank effect. For each sampling time, faecal material was collected from a minimum of three 
separate lobsters. For each of the individual faecal samples, PCR assays were performed twice to 
guarantee the consistency of the result. These feeding experiments were repeated over a period 
of 65 days with 116 faecal samples collected in total. A total of 61 lobsters were used in these 
trials, comprising 24 females and 37 males. Lobsters ranged in size from 53 to 161 mm carapace 
length. 
 
Table 1. Feeding trial schedule over five days, covering 96 h after initiation of feeding episodes. 
Each time indicates when samples were collected and the hours after the commencement of 
feeding.  
 
Day   Sampling time (hours after commencement of feeding) 
Day 1   2000 (3 h), 2200 (5 h) 
Day 2 0000 (7 h), 0200 (9 h), 0400 (11 h), 0600 (13 h), 0800 (15 h), 1000 (17 h), 
1200 (19 h), 1400 (21 h), 1700 (24 h), 2300 (30 h) 
Day 3   0500 (36 h), 1100 (42 h), 1700 (48 h), 2300 (54 h) 
Day 4   0500 (60 h), 1100 (66 h), 1700 (72 h), 2300 (78 h) 
Day 5   0500 (84 h), 1100 (90 h), 1700 (96 h) 
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Faecal material collection 
 
A ‘cradle’ was designed and built for the purpose of restraining lobsters while samples could be 
taken from the hindgut region. Lobsters were placed in the cradle, which holds the animal upside-
down and immobilizes the posterior four pairs of walking legs. The anterior telson was held firmly 
by the researcher to stabilize the abdominal region and tail while collecting faeces. 
Lobster faeces were collected using a 100–1000 l pipette with disposable tips. For each faecal 
sample, a new sterile tip was used to prevent contamination between samples. The tip was 
inserted directly into the anal pore of the lobster to remove faeces from the hindgut region. The 
collected material was immediately pipetted into a 1.5 ml micro centrifuge tube containing 500 l 
of 70% ethanol. Ethanol has been shown to be an effective preservative for field samples and 
does not require freezing or any special handling (Jarman et al., 2004). The volume collected 
varied from approximately 10 l to 1 ml depending on the size of lobster and fullness of hindgut 
at the time of sampling. Ethanol was removed from samples before DNA extraction by 
centrifuging at 10,000 g for 30 s.  Excess ethanol was poured off and the sample tubes centrifuged 
again. Any remaining ethanol was then removed by pipette.  
 
DNA extraction 
 
There were no previously published studies using rock lobster faecal material as a source of prey 
DNA. Tissue samples from predator and prey species were collected to test PCR primer specificity 
and to use as both positive and negative DNA controls in later experiments. Tissue samples were 
taken from fresh animals and a small (~0.25 ml) portion was used for total cellular DNA extraction. 
Another portion (~2 ml) of the tissue was stored in 70% ethanol as a voucher specimen. The 
DNeasy Tissue Kit (QIAGEN) was used to extract genomic DNA from predator and prey tissues, 
and the manufacturer’s animal tissue protocol was followed. 
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The Ultra Clean™ Fecal DNA Kit (Mo Bio Laboratories, Inc.) was used for DNA extractions on rock 
lobster faecal samples following the manufacturer’s protocols with the supplied proprietary 
buffers and reagents. All DNA extracted from faecal samples using this kit was ready for PCR, and 
the manufacturer’s protocol appeared to remove any potential PCR inhibitors.  
 
PCR amplification 
 
Precautions were taken during preparation of PCR reactions to minimize the possibility of 
contamination by extraneous DNA. Aerosol-resistant barrier pipette tips were used for preparing 
all PCR reactions, and pipette tips were either sterile and pre-packaged or autoclaved prior to use. 
All PCR reactions were prepared in a dedicated hood where PCR tubes, pipettes and pipette tips 
were subjected to UV light for a minimum of 10 min prior to setting up each PCR reaction.  
The components of the 20 µl PCRs were 50 mM KCL, 15 mM Tris.HCl pH 3.0, 5.0 mM MgCl2, 100 
µg ml–1 bovine serum albumin, 0.5 mM of each dNTP, 2 mM each primer (Geneworks), 1 unit 
AmpliTaq Gold DNA polymerase (Sigma), and ~20 ng template DNA. Both positive and negative 
controls were run with each batch of PCRs. For negative controls, 2 µl MilliQ H2O was used as 
template; and, for positive controls, ~20 ng template DNA from Haliotis rubra, Centrostephanus 
rodgersii and Heliocidaris erythrogramma was used to confirm reaction success. PCR replication 
was performed by running reactions a minimum of two times to ensure a consistent result. 
The PCR primer sets used in this experiment (Table 2) were developed previously to distinguish 
Haliotis rubra tissue from that of other Haliotis species for forensic purposes (Elliott et al., 2002) 
and for identification of echinoderms as prey items in marine ecosystems (Jarman et al., 2006). 
Primers were obtained from GeneWorks Pty Ltd Custom Oligonucleotide service and diluted to 10 
μM for use in setting up PCR reactions. 
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PCR thermal cycling conditions for HalCO2GENA and HalCO2GENB primers were: denaturation 
and DNA polymerase activation at 95°C for 10 min followed by 10 initial amplification cycles: 94°C 
for 30 s, annealing at 60–55°C for 30 s, 72°C for 1 min with a decrease in the annealing 
temperature by 0.5°C for each of the 10 cycles. Twenty-five further amplification cycles were 
carried out: 94°C for 30 s, 55°C for 30 s and 72°C for 1 min. The final extension step was 72°C for 5 
min and the reaction was held at 10°C until removed from the MJ Research PTC-2001 Thermal 
Cycler. 
PCR thermal cycling conditions for EchinNSS18sf/EchinNSS18sr primers were: denaturation and 
DNA polymerase activation at 95°C for 10 min followed by 35 amplification cycles: 95°C for 5 s, 
annealing temperature at 51°C for 30 s, 72°C for 30 s. The final extension step was 72°C for 5 min 
and the reaction was held at 10°C until removed from the MJ Research PTC-2001 Thermal Cycler. 
 
Table 2. PCR primers used, including sequence of each primer, target organism or group, and DNA 
region amplified. DNA regions are mitochondrial cytochrome oxidase subunit I (mt COI) and the 
nuclear large subunit ribosomal RNA gene (18s rDNA). 
 
Primer  Sequence (5'–3')    Target species/group DNA region 
HalCO2GENA  CAA TYT GAA CYA TTC TMC CAG C         Haliotis rubra   mt COI 
HalCO2GENB      CCT TAA ART CTG AGT ATT CGT AGC C      Haliotis rubra   mt COI 
EchinNSSf1          GCG TGC TTT TAT TAG GA        Echinodermata  18s rDNA 
EchinNSSr1          CGA CCA TGR TAR GCG CAT AAC G        Echinodermata  18s rDNA 
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PCR products were visualized by electrophoresis on 1.5% agarose gels stained with ethidium 
bromide (5 l ethidium bromide per 100 ml agarose). Each gel was loaded with 7 l of PCR 
product, and a 100 bp ladder was used on every gel to determine fragment size and to confirm 
the results of each PCR. All agarose gels ran for 20 min at 80 V.  
 
2.4 Results 
Feeding trials 
 
Using HalCO2GENA and HalCO2GENB primers, fragments of 193 bp were successfully amplified 
from both black-lipped abalone tissue DNA and faecal samples from lobsters fed a diet of black-
lipped abalone (fig. 1). Using EchinNSSf1 and EchinNSSr1 primers, fragments of 160 bp were 
successfully amplified from Centrostephanus rodgersii and Heliocidaris erythrogramma tissue 
DNA, and from faecal samples from lobsters fed a diet of both urchin species (fig. 1). Prey was 
initially detected in all samples at 7 h after feeding and was consistently detected in all samples 
until 60 h after the feeding episode. There were no detections in any of the samples taken at 3 
and 5 h or for the six sampling times from 66 h to 96 h after commencement of feeding.  
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Fig. 1. Specificity of HalCO2GENA/HalCO2GENB and EchinNSSf1/EchinNSSr1 PCR primers. 
Agarose gel showing PCR products amplified from rock lobster feeding experiments using 
group and species-specific PCR primers. Lanes 1–5 show DNA amplification using PCR 
primers specific to Haliotis rubra and lanes 7–11 show DNA amplification using PCR 
primers specific to Echinodermata. Lanes 6 and 12 are 100 bp DNA reference ladders 
indicating relative size of DNA fragments in sample lanes. Lanes 1, 2 and 3 indicate PCR 
amplified rock lobster faecal samples from 8, 24 and 96 h after feeding on black-lipped 
abalone. Lane 5 shows DNA amplification using Haliotis rubra tissue. Lanes 7, 8, 9 and 10 
show PCR amplified rock lobster faecal samples from 12, 36, 48 and 72 h after feeding on 
Centrostephanus rodgersii. Lanes 4 and 11 are negative controls with water instead of 
DNA sample template. 
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2.5 Discussion 
 
The faecal collection technique developed met the important requirement of being non-lethal. 
During the feeding trials, several individual lobsters were sampled ten times over four months 
using the non-destructive faecal collection technique with no obvious deleterious impacts. The 
ability to repeatedly sample the same individual lobster confirms the low impact nature of this 
method and allows for a greater range of experimentation on lobster diet and feeding behaviour. 
Faecal material was easily and successfully extracted from both sexes of lobsters and a wide 
range of size classes (53 mm CL-161 mm CL). This indicates that faecal material is useful to study 
ontogenetic dietary shifts and dietary changes associated with maturity and reproduction. 
Molecular prey detection depends upon the ability of DNA to resist digestion in the predator gut 
and on the power of PCR to amplify a prey specific region of DNA from semi-digested material 
(Deagle et al., 2005b, Nejstgaard et al., 2003, Parsons et al., 2005, Jarman et al., 2002). The extent 
of DNA breakdown after digestion by rock lobsters was previously unknown, although Mayfield et 
al. (2000c) found that digestion rendered the use of serological methods unsuitable. This study 
shows, for the first time, that prey DNA survives digestion, can be isolated from lobster faecal 
material and can be successfully amplified using PCR. 
The longevity of the molecular signal indicates that samples obtained from traps during routine 
fishing operations would retain prey DNA consumed prior to entering the trap. In Jasus edwardsii 
fisheries, traps are set for a maximum of 24 h. These results suggest that dietary information 
should still be available from faecal material for at least the 24 h prior to entering the trap as the 
dietary signal was recorded in all samples up to 60 h after the commencement of feeding.  
For animals such as rock lobsters where previous dietary studies have been inconclusive, DNA 
holds considerable promise for assessing specific prey variability across spatial and temporal 
scales. Although rock lobsters and abalone are common on temperate reefs around the world 
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(e.g. South Africa, New Zealand, Australia), there are no records of the presence of abalone in 
rock lobster dietary studies (Mayfield and Branch, 2000, Tarr et al., 1996, Hickman, 1945, 
Mayfield et al., 2000c). Commercial abalone divers often report empty abalone shells in front of 
lobster dens. The failure of previous studies to identify abalone in lobster guts is possibly due to 
the ‘foot’ tissue being the only part consumed by rock lobsters and without any shell fragments, 
this tissue would be unidentifiable. Understanding the interaction between these two valuable 
recreational and commercial species is one example of the potential of DNA dietary studies for 
improving our understanding of marine ecosystems. Importantly, the ability to obtain dietary 
information non-destructively enables comparisons between fished and non-fished (e.g. MPAs) 
regions, to better understand the trophic impacts of harvesting marine resources.  
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Chapter 3 
 
Primer design for prey detection assays 
 
Portions of this primer design approach have been published as: 
Jarman, S., Redd, K., & Gales, N. (2006). Group-specific primers for amplifying DNA  sequences 
that identify Amphipoda, Cephalopoda, Echinodermata, Gastropoda, Isopoda, Ostracoda 
and Thoracica. Molecular Ecology Notes 6, 268-271. 
 
 
 
 
 
 
“…I think we've half a chance,  
judging by all of the people that I've met…” 
 
My Best Mistake 
 
The Panics 
 
Sleeps Like a Curse 
 
2005 
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Chapter 3: Primer design for molecular prey detection assays 
 
3.1 Abstract 
 
All PCR-based molecular assays require primers to facilitate the amplification of target DNA 
sequences in vitro.  The design, use and implementation of these primers are therefore critical to 
the success of any assay and the primer design process is described in detail in this chapter. Here 
we explore the methods of choosing a gene region, using genetic databases, selecting 
appropriate conserved and unique sequences upon which to base primers, testing of primers and 
ultimately utilizing the primers in molecular prey detection assays.  Portions of this primer design 
approach have been previously published, but this chapter contains additional species-specific 
primers designed for use in temperate Australian marine ecosystems. 
 
Key Words Prey detection, PCR primer design, species-specific PCR primers, group-specific PCR 
primers 
 
3.2 Introduction 
 
The laboratory protocols for isolating, amplifying and sequencing DNA from animal tissues and 
prey items are well documented and can be easily followed in any facility with basic molecular 
capabilities  (Hebert et al., 2003a, King et al., 2008b).     The process of species identification by 
PCR and DNA sequencing is a rapidly expanding field of research (Ward et al., 2005, Symondson, 
2002, Muraji et al., 2004, Pineau et al., 2005, Ratnasingham and Hebert, 2007, Zarzoso-Lacoste et 
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al., 2013) and a wealth of genetic sequences are now available for DNA identifications from a 
wide range of species.  There are stringent standards for sequence submission to the 
international genetic databases with procedures to facilitate accurate identifications to the 
highest taxonomic resolution (Hebert et al., 2003b).   
 
Because PCR primer design is critical to every amplification-based assay, there are numerous 
software packages available for designing primers such as QuantPrime, PRISE, and Oligo7 (Chen 
et al., 2002, Arvidsson et al., 2008, Fu et al., 2008, Rychlik, 2007).  Most of these programs focus 
on a single DNA sequence and base the primer design only on that sequence.  This sort of primer 
design is useful in situations where only a single specific DNA template is to be targeted and there 
is unlikely to be any other DNA available to be amplified by the same primer set.  The most 
obvious example of this would be the design of PCR primers for use in human or mouse genetics, 
as there is little chance of any other mammalian DNA in a mouse or human blood specimen 
collected under laboratory conditions. 
 
In the case of predator/prey experiments, there are at least two different sets of DNA templates 
present in each sample- the prey species as well as the predator itself.  There is also the 
possibility of multiple prey species being present in any given stomach or faecal sample, as well as 
a potential range of endosymbiotic microbes and this mixed template situation necessitates an 
approach where only specific prey sequences are amplified, and predator sequences are not (King 
et al., 2008a).  For these situations, it is imperative to have a priori knowledge of the predator and 
prey species in the system and to use a program such as AMPLICON (Jarman, 2004).  AMPLICON is 
a free program for designing PCR primers which will amplify a given set of sequences but not 
another set of sequences.   
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In most molecular predator/prey experiments there are two main types of PCR primers which can 
be used; ‘universal primers’ and  ‘group or species-specific primers’  Universal primers facilitate 
the amplification of a wide range of DNA templates by binding to conserved regions of target 
species during the PCR. Universal primers are most commonly developed for the amplification of 
a very broad range of organisms, such as all eukaryotes (Blankenship and Yayanos, 2005, Folmer 
et al., 1994, Pineau et al., 2005), or all prokaryotes (Bowman and McCuaig, 2003, Dorigo et al., 
2002). The nature of these primers lend themselves to prey detection assays where it is necessary 
to identify unknown material from discrete samples such as chunks of prey material or to resolve 
a complex mixed sample such as faceces or vomit (Kasper et al., 2004).  Group or species-specific 
primers are designed to amplify only DNA that is specific to selected groups of species or 
individual species (Zeale et al., 2011, Jarman et al., 2006, Jarman et al., 2004, King et al., 2010).  
These primers facilitate testing of ecological hypotheses and are particularly useful when 
screening larger numbers of dietary samples (Admassu et al., 2006, King et al., 2010, Rougemont 
et al., 2004, Vestheim et al., 2005). 
 
 
3.3 Materials and methods 
 
Gene region 
 
The mitochondrial 16S ribosomal RNA gene (16S rRNA) has been used successfully for designing 
group specific primers to amplify small regions of DNA which are highly informative and well 
suited to molecular dietary analysis (Deagle et al., 2005a, Deagle et al., 2007, Jarman et al., 2004, 
Braley et al., 2010, Kasper et al., 2004). For these reasons,  it is recommended that primers target 
small, multi-copy DNA fragments from prey material when designing universal primers for the 
16S rRNA gene (Simon et al., 1994) or group-specific primers  which will anneal to short target 
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DNA templates of potential prey items.  The cytochrome C oxidase subunit I gene (CO1, COa, COb) 
also meets these criteria (multi-copy, small fragments, well sequenced) which makes it appear 
potentially useful for the design PCR primers, but there appear to be a greater proportion of 
highly conserved sequences within this region and only minor variations of single nucleotides 
between species and divergent groups of organisms.  For these reasons, it is not recommended 
that the cytochrome oxidase region be chosen as a basis for designing species-specific PCR 
primers as the opportunities for incorrect amplifications and non-specific binding exist, and it can 
be challenging to find a primer binding site in this region which is truly species-specific.   
Cytochrome oxidase is much more conducive to barcoding applications and as the basis for 
universal primer design.  For prey detection applications where large pieces of unidentified prey 
items are available for DNA isolation, amplification and sequencing, the Cytochrome oxidase 
region is well suited (Barnett et al., 2009). 
 
Genetic databases 
 
Both the National Center for Biotechnology Information (NCBI) GenBank and the Barcode of Life 
(BOL) project have emerged as the most important global repositories for species-specific DNA 
sequences and these databases provide a wealth of information for all fields of science (Hebert et 
al., 2003b, NCBI, 2006, Benson et al., 2008).  There are many other smaller databases which cater 
to more specific research communities, but these more specialist databases such as FlyBase for 
Drosophila genes and genomes (Tweedie et al., 2009) or Mammalian Gene Collection for human, 
rat, mouse and cow genes (Strausberg et al., 1999) are not necessarily appropriate tools to design 
PCR primers for prey detection assays.  The NCBI GenBank presently has a greater range of 
sequences housed, but the Barcode of Life has gained considerable momentum in recent years 
and BOL has much more stringent procedures for the taxonomic identification of submitted 
samples.  For any molecular prey detection assay or primer design application it is highly 
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advisable to check both of these databases before proceeding with primer design or identification 
of unknown prey sequences. 
 
Sequence selection 
 
The program AMPLICON was used exclusively for the purpose of designing PCR primers which 
would amplify a specific species (or group of species) but not another group of species.  The 
design of single species prey detection primers for southern temperate reefs in Tasmania was 
based upon the initial a priori knowledge of the rock lobster diet and a few key organisms were 
chosen (Table 1 and Table 2).  As many other potential prey species were also found on the (NCBI) 
GenBank and the Barcode of Life databases, 16s sequences from these species were aligned using 
AMPLICON.   All potential prey species were sorted into the Excluded Group in AMPLICON and the 
prey species of interest was relegated to the Target Group.  Gene regions from each potential 
Target Group (prey species for which the primers were being designed) were then selected using 
the Primer for Forward Site and Primer for Reverse Site utilities. 
 
Primer testing in silico 
 
 
Although numerous primers can be created in silico, the primer sequence is only one component 
of the molecular prey detection assay development process.  There are many additional 
considerations about the reaction components and the compatibility of primer sequences to 
actually facility the PCR reaction and these must be tested empirically.  Primers should ideally 
have a melting temperature (Tm) between 65°C and 70°C with the actual annealing temperature 
used during PCR approximately 10°C to 15°C less than the predicted Tm. Primers should be 
between 12 and 18 bases long and ideally contain approximately equal numbers of each 
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nucleotide type, without long runs of the same nucleotide.  To increase the specificity of the 
primer, the 3' end should terminate in a C or an A nucleotide.  It is better if the 3' end has more A 
and T, as it will be less prone to mispriming during the PCR amplification.   It is critical to avoid 
internal hairpin structures and self-complementarity which can result in primers which will anneal 
to each other, forming primer-dimers instead of binding to target template DNA.    Most primer 
design software including AMPLICON (Jarman, 2004) are equipped with desktop utilities to test 
for self-complementarity, hairpins and Tm before the primers are actually synthesized. 
 
PCR optimization 
 
When optimizing a PCR reaction, there are numerous reagents required and altering the 
concentrations of these reagents in the reaction mixture will greatly impact on the efficiency of 
the PCR.  Most PCR reactions occur in a buffer which is often a proprietary formulation 
recommended (and provided) by the supplier of the DNA polymerase and associated reagents.   
Subtle differences in concentration of buffer components, especially magnesium chloride can 
greatly impact on the success of the PCR.   
Although most PCR primer design software contains a utility for predicting the melting 
temperature and therefore the annealing temperature at which the primers will perform ideally, 
it is still necessary to test a relatively broad range of these temperatures for each newly designed 
primer set.  This is commonly carried out by using a PCR thermocycler equipped with a gradient 
feature.  PCR reactions are set up and tested concurrently using a range of different annealing 
temperatures, and the resulting amplicons are subsequently assessed for presence, quality and 
quantity by agarose gel electrophoresis or similar methods. 
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3.4 Results 
 
There are many universal, group-specific and species-specific PCR primers which are appropriate 
for use in predator/prey assays, some of these primers are listed in Tables 1-2.  
 
Table 1. PCR primers used and developed in this thesis including; primer name and sequence, 
DNA region targeted by primer, level of taxonomic specificity, target organism or group of 
organisms, approximate size of amplified DNA fragment (amplicon) and original publication 
where primers are described. 
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Table 2. PCR primer testing on nine pairs of PCR primers developed for this thesis, including a 
detailed taxonomy of the species on which primers were tested.  Results of primer tests are (+) 
for positive amplification of this species and (-) for negative amplification of the species. 
 
 
 
3.5 Discussion 
 
Although developing both species-specific and group-specific PCR primers can be slightly 
challenging where complete sequence coverage is not available, we provide solutions to prey 
detection issues in this chapter.  Group-specific PCR primers were designed to amplify the most 
common potential prey species from a wide range of marine taxa based upon available sequence 
data from the variable 3’ end of the mitochondrial ribosomal 16s gene region. This region is 
widely used for both molecular identification and dietary analysis.  
 
Any new molecular prey detection assay may necessitate the design of specific PCR primers for 
the monitoring of trophic interactions.  The PCR primers presented in this chapter will detect a 
broad range of temperate marine invertebrates and may additionally be used to identify or to 
quantify larvae from water samples or other unknown environmental material.  
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Chapter 4 
 
Prey quantification and application of real 
time PCR for molecular prey detection 
 
 
 
 
 
 
“Do you believe that there are treasures in the ocean? 
…No lonely hands grab my suitcase full of nothing… 
I don’t know why…” 
 
Just a Boy  
 
Angus and Julia Stone 
 
A Book Like This  
 
2007 
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Chapter 4: Prey quantification and application of real time PCR for 
molecular prey detection  
 
4.1 Abstract 
 
We apply molecular techniques to detect and quantify specific prey consumed by the southern 
rock lobster (Jasus edwardsii) under experimental conditions.  A quick and non-lethal method was 
employed to collect rock lobster dietary samples which were screened for the presence of sea 
urchins (Centrostephanus rodgersii and Heliocidaris erythrogramma) and abalone (Haliotis rubra) 
using the quantitative real time PCR (qPCR) platform.  Additional environmental samples from 
benthic sediments collected at marine research sites where urchin barrens were documented in 
both full and incipient conditions were examined to determine the amount of prey DNA present 
in the marine environment. 
 
Key Words Jasus edwardsii, rock lobsters, sea urchins, Centrostephanus rodgersii, Heliocidaris 
erythrogramma, abalone, Haliotis rubra, polymerase chain reaction (PCR), Real Time PCR, prey 
detection, rock lobster diet 
 
4.2 Introduction 
 
In many near-shore temperate reef ecosystems, rock lobsters are a dominant invertebrate 
predator but their role in shaping benthic community structure has been widely debated (Andrew 
and MacDiarmid, 1991, Tegner and Levin, 1983a, Waddington et al., 2008).  There are presently 
few methods of unravelling the role of rock lobsters in situ, but an abundance of unsubstantiated 
anecdotal evidence has been reported about what these important predators do on the benthos 
(Barkai et al., 1996, Denny, 2010).   Fishers have a commonly held belief that rock lobsters are 
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strictly scavengers, taking primarily detritus and dead material from rocky reef environments 
(Treloggen, 2009, Hickman, 1945).  This belief was most likely developed by fisherman who 
commonly use dead fish as the main type of bait for attracting rock lobsters into their pots 
(Treloggen, 2009).  The more likely scenario is that rock lobsters are, in fact, opportunistic 
predators, encountering a wide range of prey species and consuming items where ontogenetically 
appropriate (Mayfield et al., 2000a, Mayfield et al., 2000b, Guest et al., 2009, MacDiarmid et al., 
1991, Segura-García et al., 2016, Hanson, 2009).  The vast majority of scientific evidence of rock 
lobster diet is based on aquaculture research and captive feeding trials (Mayfield et al., 2001, van 
Zyl et al., 1998, Butler et al., 2016) or manipulative experiments involving the tethering of prey 
items, the deployment of infrared cameras adjacent to rock lobster foraging habitat and other 
similar methods of isolating prey individuals (Pederson and Johnson, 2006, Ling et al., 2009a, 
Shears and Babcock, 2002).   
 
Currently, there is extensive debate about the spread of invasive marine organisms such as the 
long spined sea urchin (Centrostephanus rodgersii) and the role that rock lobsters play in 
containing these ‘pests’.  Considerable research effort on the impact of the sea urchins has been 
undertaken in Tasmania, supporting the theory that there is considerable spread across a broad 
geographic range and an increase in urchin density at the sites where they are present and 
established (Ling and Johnson, 2009, Ling et al., 2009a).   
 
There are many management implications for better understanding the role of rock lobsters 
within temperate reef communities, most of which revolve around harvest levels and access to 
fish-able locations.  The primary question which has been very difficult to address is the role of 
rock lobsters in shaping benthic communities (Mayfield and Branch, 2000, Tarr et al., 1996, 
Hanson et al., 2014).  Numerous studies have looked at this question by traditional ecological 
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sampling techniques- using SCUBA divers and extensive transects to count benthic invertebrates 
and correlate those potential prey species to rock lobster abundances.  These studies are 
important in gleaning relationships between predators and potential prey species, but there are 
obvious biases associated with locating these animals in very complex, three dimensional habitats. 
An issue of great concern is that sea urchins, grazing invertebrates which can exist in cryptic 
habitats on rocky reefs (Ling et al., 2009a) are a potentially important prey item for rock lobsters 
and their abundance has been shown to relate to rock lobster population density (Andrew and 
MacDiarmid, 1991, Haley et al., 2011, Tegner and Levin, 1983a). 
 
At present there are few methods for unravelling the diet of these important crustaceans in situ 
and a paucity of accurate ways to quantify the prey species which they consume.  Of particular 
importance to management of marine ecosystems are the interactions between rock lobsters and 
other commercially important species, such as abalone (Haliotis sp.), and invasive species, such as 
the long-spined sea urchin (Centrostephanus rodgersii).   
 
The rock lobster diet studies that have previously been undertaken primarily employ lethal 
dissection-based methods which necessitate destroying the lobster (Fielder, 1965, Mayfield et al., 
2000a, Haley et al., 2011, Góes and Lins-Oliveira, 2009).  A few very early publications reported 
on lobster diet by dissection, but these studies are quite dated and both the benthos and rock 
lobster population structure have changed considerably since then (Hickman, 1945).   
 
The use of molecular prey detection techniques has expanded considerably in recent years with a 
range of predator/prey systems being examined in detail (Agusti et al., 2003a, Blankenship and 
Yayanos, 2005, Farrell et al., 2000, Jarman et al., 2004, Kasper et al., 2004, Zeale et al., 2011, Clare, 
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2014).  During the Polymerase Chain Reaction (PCR), if prey DNA is present in the dietary 
‘unknown’ sample, this DNA is amplified by paired primers which bind to prey DNA and direct the 
amplification reaction.  PCR is normally carried out over ~40 cycles, with each cycle resulting in 
the doubling of DNA by amplification.  Quantitative Real Time PCR (qPCR) is currently the method 
of choice for measurement of low concentrations of DNA and there is considerable scope to 
quantify dietary intake using this technique (King et al., 2008a).  Marine mammal diet has 
recently been examined by using a similar quantitative approach (Deagle and Tollit, 2006, Bowles 
et al., 2011).  By using a suite of species-specific PCR primers and a sensitive quantitative genetics 
approach (quantitative Real Time PCR) we examine the possibilities of quantifying dietary intake 
by rock lobsters.    
 
For this experiment, live rock lobsters were kept in captivity and fed specific diets with prey in 
known ratios.  The faecal samples collected after feeding were analyzed by quantitative Real Time 
PCR (qPCR) to quantify the prey DNA recovered.  To assess the molecular prey detection 
threshold of our current species-specific assays we used captive rock lobsters and fed them on 
diets of known prey items in a variety of different proportions.  After the lobsters were fed, we 
collected faecal samples and used molecular prey detection assays to quantify the DNA from each 
prey species in these dietary samples.  The prey detection assays employed a quantitative 
technique, (qPCR) using SyberGreen to determine the amount of prey DNA present in each 
sample.  The RT PCR information was compared with the initial diet proportions from the feeding 
experiments to determine the sensitivity of our assays.  We then used the controlled feeding 
experimental data to validate the utility of molecular prey detection techniques and to evaluate 
the quantitative possibilities for these assays for DNA analysis of faecal pellets taken from wild 
caught rock lobsters.  The initial method of controlling rock lobster dietary intake was undertaken 
by feeding experiments using captive adult rock lobsters and a range of prey species prepared in 
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various ratios (Table 2).  These experiments were followed by an additional set of feeding trials in 
which rock lobsters were fed material composed of sediments and benthic detritus from sites 
where urchin barrens were documented in both full and incipient conditions (Table 3). 
 
When using qPCR, multiple dietary ‘unknown’ samples are run on an instrument concurrently, 
with each ‘unknown’ sample occupying a separate tube.  In order to generate meaningful 
quantitative data from each run, it is common practice to also put internal standards into each 
quantitative PCR experiment.  These internal standards are DNA of the target species and they 
have a known concentration which has been measured by the operator before each reaction 
begins.  A serial dilution of these internal standards is run in order to provide the instrument with 
DNA of known provenance from a wide range concentrations such as; 1:1 dilution, 1:10 dilution, 
1:100 dilution, 1:1000 dilution and 1:10000 dilution. 
 
As the PCR proceeds, the instrument takes a fluorescence reading after each cycle and measures 
the fluorescence of DNA present in each of the individual ‘unknown’ samples as well as in each of 
the internal standards.  The fluorescence of the ‘unknown’ samples is then compared by the 
instrument to the fluorescence of the internal standards and a calculation is made to determine 
the relative concentration of the ‘unknown’ samples in comparison to the internal standard 
concentrations.  Either the raw fluorescence data is used to compare between ‘unknown’ 
samples- or the instrument calculations of relative concentrations are used to compare between 
‘unknown’ samples as mentioned above. 
 
The purity and consistency of the internal standard DNA is critical in making comparisons 
between runs.  When extracting DNA from tissues or environmental samples (animals, plants, 
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soils, etc.) the chemistry to remove and isolate genomic DNA is robust and high concentrations of 
DNA can be easily purified.  Occasionally, however, other smaller molecules can co-precipitate 
with the DNA and in general these compounds are benign and have little impact on any of the 
PCR reactions mentioned above.  There can be, however, subtle differences in the kinetics of the 
PCR reaction based upon the amount of these co-purified compounds- particularly when the DNA 
has been extracted from soils and other mineral rich materials or from animals which have strong 
chemical defence mechanisms.  Very little research has been done on these co-purified 
compounds as they are generally very small molecules, much smaller than the DNA molecule 
itself, and beyond the scope and capacity of most molecular genetics facilities to analyse.  There 
can be considerable variation between DNA extractions with regard to these co-purified 
compounds and one DNA extraction with a given concentration may have considerably more, or 
considerably less, of these co-purified compounds.  So, theoretically, two separate DNA 
extractions might have the same concentration but they may not amplify by PCR in the same 
manner due to the variation in co-purified compounds. 
 
 
4.3 Materials and Methods 
 
Feeding experiments 
 
Rock lobsters for feeding trials were captured by trapping in the Crayfish Point Marine Reserve at 
Taroona, Tasmania (42.95 °S, 147.34 °E) in March 2007 and April 2010.  Lobsters were collected 
opportunistically ensuring an even distribution of sexes and a wide range of sizes.  All captured 
lobsters were measured and carapace length (CL) was recorded to the nearest millimeter.     
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Captured lobsters were immediately taken to the laboratory and kept in aerated, flow-through 
seawater tanks.  For the duration of the feeding trials, lobsters were maintained under ambient 
light conditions and water temperatures in outdoor aquaria at the Institute for Marine and 
Antarctic Studies Marine Research Laboratories, Taroona, Tasmania.   
 
For each trial the individual lobsters were placed in one section of a 450 L tank separated into 
three sections with plastic mesh and dividers. Each lobster was provided with a 400 mm x 200 
mm concrete block as a shelter.  All lobsters were starved for 72 hours prior to each feeding trial 
to facilitate gut evacuation and to remove any remaining prey DNA from the digestive tract.  For 
each trial, approximately 15 g of food material was given to each lobster as a dietary ‘parcel’.  
This material described in Table 2 was prepared by shucking live common sea urchins 
(Heliocidaris erythrogramma) and long-spined sea urchins (Centrostephanus rodgersii) and/or 
abalone (Haliotis rubra)  discarding the shells and blending the gonad, muscle and viscera 
material with a 300W hand mixer (Braun).  The sea urchin faecal material was obtained from both 
urchin species by allowing H. erythrogramma and C. rodgersii to defecate overnight in aquaria.  
The blended tissue/faecal material/benthic sediment was mixed with filtered seawater heated to 
100° C and gelatin (Davis, New Zealand) was added, stirred, poured into 30ml plastic moulds and 
allowed to cool.   
 
Benthic sediment samples were collected by SCUBA divers at both locations (Figure 1.); Elephant 
Rock Research Reserve (ERRR) at St Helens (41.25 °S, 148.35 °E) and the North Bay Research 
Reserve (NBRR) on the Forestier Peninsula (42.84 °S, 147.92 °E).  SCUBA divers used 25 mL HSW 
sterile syringes (Henke Sass Wolf, GmbH) to obtain benthic sediments (volume approx. 20 ml) at a 
range of water depths (10 M, 15 M, 20 M and 25 M) and habitats which were associated with 
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each site.  The habitats at Elephant Rock Marine Research Area (ERRR) included both urchin 
barrens and kelp dominated areas, and the habitats at the North Bay Marine Research Area 
(NBRR) comprised kelp and incipient sea urchin barrens at a depth of approx. 8 m.  Approximately 
1 ml of sediment was used for each DNA extraction and for inclusion in the preparation of dietary 
‘parcels’ as described above. 
 
The filtered seawater was heated to 100° C and gelatin (Davis, New Zealand) was added, stirred 
and poured into 30ml plastic moulds before the gelatin/seawater mixture cooled and set, the 
component of each diet formula ‘parcel’ was added to the individual plastic moulds and mixed 
with a new pipette tip to prevent contamination between diet formulas.   
 
Food ‘parcels’ were introduced to each lobster at 1700 and individual lobsters were monitored 
for feeding activity. Only lobsters that actively fed and consumed the entire food sample within 
the first hour were used in the feeding trials. No additional food was provided to lobsters for the 
duration of the trial and each lobster was sampled once per feeding trial.  Lobsters were selected 
for faecal collection over the next two days based upon the dietary items given in Table 1 and 
Table 2.  Lobsters were selected randomly to eliminate any tank effect.  For each sampling time 
faecal material was collected from a minimum of three separate lobsters. For each of the 
individual faecal samples, PCR assays were performed twice to guarantee the consistency of the 
result and to ensure that there were no pipetting or instrument errors.  
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Figure 1. Map showing collection sites in eastern Tasmania where benthic sediment samples 
listed in Table 2 were collected. Dashed lines on zoomed panels show positions of the research 
reserve boundaries at Elephant Rock in North Eastern Tasmania (widespread Centrostephanus 
rodgersii sea urchin barrens) and North Bay south eastern Tasmania (incipient Centrostephanus 
rodgersii sea urchin barrens). 
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Table 1.  Feeding trial formulations for quantitative diet experiments using marine invertebrate 
prey species to validate prey detection by quantitative Real-time PCR (qPCR). 
Diet formula       Prey species    Percentage in each diet  
AB95_Hel5  Heliocidaris erythrogramma       5%    
   Haliotis rubra     95%    
AB90_Hel10   Heliocidaris erythrogramma       10%    
   Haliotis rubra     90%    
AB70_Hel30  Heliocidaris erythrogramma       30%    
   Haliotis rubra     70%    
AB50_Hel50  Heliocidaris erythrogramma       50%    
   Haliotis rubra     50%    
AB96_Cent4  Centrostephanus rodgersii    4% 
    Haliotis rubra     96% 
AB84_Cent16   Centrostephanus rodgersii    16%    
   Haliotis rubra     84%    
AB50_Cent50  Centrostephanus rodgersii    50%   
   Haliotis rubra     50% 
AB16_Cent84  Centrostephanus rodgersii    86%    
   Haliotis rubra     16% 
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Table 2.  Feeding trial formulations for quantitative diet experiments using benthic environmental 
samples to validate prey detection by quantitative Real-time PCR (qPCR).  Showing sampling 
location, habitat type and depth for each sample collected. 
Sampling location        Habitat type   Depth of collection 
 
Elephant Rock Research Reserve (ERR) Kelp (K)    10 metres 
Elephant Rock Research Reserve (ERR) Urchin Barrens (UB)  15 metres 
Elephant Rock Research Reserve (ERR) Urchin Barrens (UB)  20 metres 
Elephant Rock Research Reserve (ERR) Urchin Barrens (UB)  25 metres 
 
North Bay Research Reserve (NBRR) Kelp (K)    10 metres 
North Bay Research Reserve (NBRR) Incipient urchin barrens (IB) 10 metres  
 
 
 
Faecal material collection 
 
Lobster faeces were collected using a 100-1000 L pipette with disposable tips as described 
previously (Redd et al., 2008).  For each faecal sample a new sterile tip was used to prevent 
contamination between samples. The tip was inserted directly into the anal pore of the lobster to 
remove faeces from the hindgut region.  The collected material was immediately pipetted into a 
1.5 mL micro centrifuge tube containing 500 L of MilliQ water and frozen at -20˚ C as soon as 
could be arranged, typically within 3 hours of collection.  The volume collected varied from 
approximately 10 L to 1 mL depending on the size of lobster and fullness of hindgut at the time 
of sampling.  Water was removed from samples before DNA extraction by centrifuging at 10000 g 
for 30 s.  Excess water was poured off and the sample tubes centrifuged again.  Any remaining 
water was then removed by pipette prior to DNA extraction.   
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DNA extraction 
 
The Ultra Clean™ Fecal DNA Kit (Mo Bio Laboratories, Inc.) was used for DNA extractions on rock 
lobster faecal samples following the manufacturer’s protocols with the supplied proprietary 
buffers and reagents.  Due to the large number of samples processed in this way, the 96 well 
format was chosen for time efficiency.  All DNA extracted from faecal samples using this kit was 
ready for PCR and the manufacturer’s protocol appeared to remove any potential PCR inhibitors.  
 
Real time PCR amplification 
 
Precautions were taken during preparation of PCR reactions to minimize the possibility of 
contamination by extraneous DNA.  Aerosol-resistant barrier pipette tips were used for preparing 
all PCR reactions and pipette tips were sterile and pre-packaged.  All PCR reactions were set up 
with a CAS-1200N robotic liquid handling system (Corbett Research) where PCR tubes and pipette 
tips were subjected to UV light for a minimum of 10 minutes prior to setting up each PCR reaction.   
 
The components of the 14 µL PCRs were as follows: 10 µL SYBRgreen (Sensimix, Quantace, 
Bioline), 1.25 µL each primer (Geneworks), 1.5 µL 50mM MgCl2 (Quantace, Bioline), and 2µL (~ 50 
ng) template DNA.  Both positive and negative controls were run with each batch of PCRs. For 
negative controls 2 µL MilliQ H2O was used as template and for positive controls ~ 40 ng template 
DNA from C. rodgersii and H. erythrogramma was used to confirm reaction success. For internal 
standards, plasmids with the 650bp 16s amplicons from C. rodgersii and H. erythrogramma 
insertions were used and dilutions of 1:10, 1:100, 1:1,000, 1:10,000 and 1:100,000 were serially 
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diluted with a CAS-1200N robotic liquid handling system (Corbett Research) to form the basis of 
standard curves for each qPCR reaction. 
 
The PCR primer sets used in this experiment are listed in Table 3.  Primers were obtained from 
GeneWorks Pty. Ltd. Custom Oligonucleotide service and diluted to 10 μM for use in setting up 
PCR reactions.  Real-time PCR reactions were set up with a CAS-1200N robotic liquid handling 
system (Corbett Research) and run for 50 cycles in a RotorGene RG 3000 (Corbett Research) with 
an annealing temperature at 54 C. 
 
All samples were analysed twice to exclude the possibility of pipetting or machine errors, 
ensuring the consistency of results.  The first qPCR run was performed using genomic DNA as an 
internal standard and the second qPCR run was performed using plasmids as internal standards. 
 
Table 3.  PCR primers used including sequence of each primer, target organism, and DNA region 
amplified.  DNA regions are mitochondrial nuclear large subunit ribosomal RNA gene (16s rDNA). 
Primer        Sequence (5'-3')   Target Species   DNA 
Region 
Centro16sf      GGAACAGCAAACATGGAGAGTCCTGC Centrostephanus rodgersii  16s rDNA 
Centro16sr                CCGTCTTGCCATTCATGCCAGTCTCTA Centrostephanus rodgersii  16s rDNA 
Helio16sf1                TCAAAGGAAGTTACCG     Heliocidaris erythrogramma  16s rDNA 
Helio16sr1                CCCTTAAAAGCTTCTGCACCCT      Heliocidaris erythrogramma  16s rDNA 
Aba2f GCTTTTGCTGGAAAAACTCG  Haliotis rubra    16s rDNA 
Aba2r CGTTCCCCAGTTTTAGGTGA  Haliotis rubra    16s rDNA 
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4.4 Results: 
 
Rates of detection of sea urchin and abalone DNA in lobster faeces collected during the feeding 
trials indicate the utility for qPCR detection of these species.  The RotorGene RG 3000 (Corbett 
Research) software package calculates DNA concentration based upon on the Ct value by using 
the standard curves associated with the DNA standards loaded on each run (Bustin, 2004).  To 
better compare the data between species and runs, we have chosen to simply use the Ct value in 
all of the results presented.  Tables 5 and 6 show the utility of the species-specific primers to 
amplify DNA directly from environmental samples, and Tables 7 and 8 indicate the detection of 
prey species DNA in lobsters fed on environmental material. 
 
All samples where qPCR results have a Ct value between 12 and 42 represent detections of the 
prey species based upon the feeding experiments and the ratios of prey items likely to closely 
resemble actual predation events by rock lobsters in situ.  It is important to note that the 
expected trends in Ct value should be that as concentrations of prey material increase, the value 
of Ct should decrease- indicating that the PCR amplification crossed the critical threshold earlier 
due to higher amounts of DNA being present in the reaction.   This broadly is the case where the 
expected amount of sea urchin DNA in the environment decreases with depth and therefore the 
DNA detections as shown by the increasing Ct value (Table 5).  On the other hand, the detection 
of H. erythrogramma increased as the depth from which the samples were taken decreased.  This 
is explained by the ecology of H. erythrogramma which is known to occur in greater densities in 
shallow waters. 
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The variation in qPCR amplification assay results also suggest that although quantifying dietary 
intake from wild caught rock lobsters was a primary goal of this experiment, the interpretation of 
this data remains challenging.   The range of detection values (measured as Ct) does not closely 
match the actual prey ratios fed to the rock lobsters, indicating that variability in digestion and 
DNA degradation rates will limit the ability to accurately quantify predation activity in field 
captured rock lobsters.  This has also been observed in marine mammals with much larger dietary 
intakes and faecal volumes (Deagle and Tollit, 2006).  It is, however, important to note that the 
heterogenous nature of marine sediments, the destructive nature of DNA extraction protocols 
and the consumptive feeding experiments meant that comparisons between particular sediments 
/feeds do not represent true replication.   Specifically, each of the benthic sediment samples 
collected by SCUBA diving (Table 2) was subsampled to provide three x 1 ml volumes for DNA 
extraction and ten x 1 ml volumes for feeding trial ‘parcels’.  
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Table 4.  Presentation of results from qPCR assays from feeding trials using mixed dietary samples 
with a list of each dietary formula, percentage of each prey species in the dietary formula and the 
Ct value (RotorGene RG 3000, Corbett Research) using species-specific PCR primers for each prey 
item as listed in Table 3. 
Dietary formula      Prey species  Percentage in each diet   qPCR result in Ct 
           (mean) 
AB95_Hel5 Heliocidaris erythrogramma      5%   34.26 
  Haliotis rubra    95%   37.75 
AB90_Hel10  Heliocidaris erythrogramma      10%   35.25 
  Haliotis rubra    90%   39.34 
AB70_Hel30 Heliocidaris erythrogramma      30%   41.69  
  Haliotis rubra    70%   40.29 
AB50_Hel50 Heliocidaris erythrogramma      50%   37.18 
  Haliotis rubra    50%   39.33 
AB96_Cent4 Centrostephanus rodgersii   4%   20.49  
  Haliotis rubra    96%   41.25 
AB84_Cent16  Centrostephanus rodgersii   16%   21.07  
  Haliotis rubra    84%   39.31 
AB50_Cent50 Centrostephanus rodgersii   50%   22.54 
  Haliotis rubra    50%   40.34 
AB16_Cent84 Centrostephanus rodgersii   84%   24.24 
  Haliotis rubra    16%   38.88 
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Table 5.  Presentation of results from qPCR assays from benthic environmental samples showing 
habitat type, sampling location and depth for each sample with the Ct value (RotorGene RG 3000, 
Corbett Research) using species-specific PCR primers for Centrostephanus rodgersii (Centro16sf 
and Centro 16sr). 
Sampling location        Habitat type          Depth qPCR result in Ct 
           (mean) 
Elephant Rock Research Reserve (ERRR) Kelp (K)          10 metres  33.93 
Elephant Rock Research Reserve (ERRR) Urchin Barrens (UB)        15 metres  27.21 
Elephant Rock Research Reserve (ERRR) Urchin Barrens (UB)        20 metres  26.86 
Elephant Rock Research Reserve (ERRR) Urchin Barrens (UB)        25 metres  29.66 
 
North Bay Research Reserve (NBRR) Kelp (K)          10 metres           No detection 
North Bay Research Reserve (NBRR) Incipient urchin barrens (IB)    10 metres           No detection 
 
 
Table 6.  Presentation of results from qPCR assays benthic environmental samples showing 
habitat type, sampling location and depth for each sample with the Ct value (RotorGene RG 3000, 
Corbett Research) using species-specific PCR primers for Heliocidaris erythrogramma (Helio16sf1 
and Helio16sr1). 
Sampling location        Habitat type          Depth qPCR result in Ct 
           (mean) 
Elephant Rock Research Reserve (ERRR) Kelp (K) n=2          10 metres 33.63 
Elephant Rock Research Reserve (ERRR) Kelp (K) n=3          10 metres No detection 
Elephant Rock Research Reserve (ERRR) Urchin Barrens (UB)        15 metres 36.12 
Elephant Rock Research Reserve (ERRR) Urchin Barrens (UB)        20 metres 35.26 
Elephant Rock Research Reserve (ERRR) Urchin Barrens (UB)        25 metres 42.07 
 
North Bay Research Reserve (NBRR) Kelp (K) n=3         10 metres 35.24  
North Bay Research Reserve (NBRR) Kelp (K) n=2         10 metres   No detection 
North Bay Research Reserve (NBRR) Incipient urchin barrens (IB)    10 metres 22.17 
     n=2 
North Bay Research Reserve (NBRR) Incipient urchin barrens (IB)    10 metres No detection 
     n=3 
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Table 7.  Presentation of results from qPCR assays from feeding trials using benthic 
environmental samples as feeds with the Ct value (RotorGene RG 3000, Corbett Research) using 
species-specific PCR primers for Centrostephanus rodgersii (Centro16sf and Centro 16sr). 
Sampling location        Habitat type          Depth qPCR result in Ct 
           (mean) 
Elephant Rock Research Reserve (ERRR) Kelp (K)          10 metres 40.1  
Elephant Rock Research Reserve (ERRR) Urchin Barrens (UB)        15 metres No detection 
 
North Bay Research Reserve (NBRR) Kelp (K)          10 metres 28.65 
North Bay Research Reserve (NBRR) Incipient urchin barrens (IB)    10 metres 22.91 
 
 
Table 8.  Presentation of results from qPCR assays from feeding trials using benthic 
environmental samples as feeds with the Ct value (RotorGene RG 3000, Corbett Research) using 
species-specific PCR primers for Heliocidaris erythrogramma (Helio16sf1 and Helio16sr1). 
Sampling location        Habitat type          Depth qPCR result in Ct 
           (mean) 
Elephant Rock Research Reserve (ERR) Kelp (K) n=2          10 metres No detection  
Elephant Rock Research Reserve (ERR) Urchin Barrens (UB)        15 metres No detection 
   
North Bay Research Reserve (NBRR) Kelp (K) n=2         10 metres   No detection 
North Bay Research Reserve (NBRR) Incipient urchin barrens (IB)    10 metres No detection 
     n=2 
      
 
 
Figure 2. Plots showing correlation between mean Ct value and diet percentages across three 
dietary items (Haliotis rubra, Heliocidaris erythrogramma and Centrostephanus rodgersii) from 
mixed dietary samples listed in Table 4. The Ct value (RotorGene RG 3000, Corbett Research) was 
obtained by using species-specific PCR primers for each prey species. 
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4.5 Discussion: 
 
The primary benefits of employing molecular techniques to screen diet and examine trophic 
interactions are the potential to develop non-lethal collection protocols, the unambiguous nature 
of the assays and the ability to screen for prey species or groups of related prey organisms.  
Numerous authors have reported on novel methods of obtaining dietary samples such as;  
collecting faecal material at remote locations (Farrell et al., 2000, Deagle et al., 2009, Dalén et al., 
2004), sieving or netting the water adjacent to large marine predators (Jarman and Wilson, 2004, 
Jarman et al., 2002), and development of specially engineered devices to isolate faecal material 
(Nejstgaard et al., 2003, Irvin and Tabrett, 2005).  Most of these non-lethal collection methods 
provide material which is of sufficient quality for most molecular analysis techniques.  The utility 
of DNA-based prey detection assays have also been well described with a range of organisms and 
feeding types shown to be successfully assessed by the sensitive PCR approach (Symondson, 2002, 
King et al., 2008a). 
 
When interpreting quantitative PCR data, in particular the relative concentration calculations 
which the Real Time PCR instrument makes, any variation in internal standard DNA can become 
problematic, and therefore many users of PCR prefer to use a more consistent source of template 
DNA.  This DNA is generated by first creating a fragment of DNA from the target species and then 
inserting the fragment into a unique circular form of DNA known as a plasmid. Many rapidly 
growing organisms, such as bacteria, possess these circular plasmids in their cytoplasm and have 
the ability to transfer them between cells.  This is the primary mechanism of passing on traits 
such as antibiotic resistance between bacteria which mostly reproduce asexually.  Bacteria (such 
as E.coli) are easily grown under laboratory conditions, and once a plasmid containing the target 
DNA fragment has been inserted into a bacterial cell, huge numbers of these cells can be grown 
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rapidly in vitro.  Once large colonies of bacterial cells containing the plasmid have been grown, 
the cells can be ‘harvested’ and the plasmids isolated.   These isolated plasmids are essentially a 
pure source of the initial target DNA fragment which makes the ideal internal standard for use in 
quantitative PCR.  Because there is virtually no difference in co-purified compounds between 
plasmids isolated by these procedures, they are more ideally suited to being used for internal 
standards in quantitative PCR than is genomic DNA. 
 
The use of the qPCR platform does, however, eliminate the need for post-amplification analysis 
by gel electrophoresis.  This not only saves time in the laboratory but also supersedes the scoring 
of amplicons as present or absent based upon the visual sighting of stained ‘bands’ on agarose 
gels.  This is a significant improvement for researchers and importantly paves the way for high 
throughput field experiments using molecular prey detection technologies.  The majority of prey 
detection work which has been published to date has described technological advances and 
detailed the capacity of DNA-based technologies to different predator/prey systems.  The next 
step forward will be the broadscale use of these techniques to address relevant ecological 
questions in situ. At present, it appears that using the quantitative qPCR approach is best as a 
very accurate method of ascertaining the presence or absence of prey in predator dietary 
samples.  There are limitations to these molecular techniques and in particular the quantitative 
interpretations of diet remain extremely challenging (Deagle and Tollit, 2006, McKemey et al., 
2003).  Although the qPCR has the capacity to precisely measure the amplification progress of the 
reaction and can deliver immense amounts of data, the biological interpretation of this data 
remains the issue which is presently complex to resolve.  An instance of a dietary sample 
containing low initial concentrations of prey DNA will illustrate this point more clearly.  The qPCR 
can give a precise quantity of DNA in the sample, yet it is not possible to determine if the 
predator consumed a very small piece of that prey item in the past few hours, therefore leaving 
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only a small amount of DNA in the predator gut or if the predator consumed a much larger 
amount of that prey item perhaps a day ago, and left the same amount of prey item in its gut 
passage or faecal pellet.   The qPCR algorithms can easily and precisely quantify DNA 
concentrations, but taking that information back to actual predation events and determining the 
extent, quantity and importance of those predation events remains the large challenge of using 
this technology to draw greater ecological conclusions.   It can also be argued that even the 
traditional gut content analysis faces the same issues, where the percent of prey species found in 
a dissected gut are scored in the same manner, and generate the identical questions about recent 
predation episodes compared to those which took place at a time in the more distant past.   
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Chapter 5: Using molecular prey detection to quantify rock lobster 
predation on barrens-forming sea urchins 
 
5.1 Abstract 
 
We apply qPCR molecular techniques to detect in situ rates of consumption of sea urchins 
(Centrostephanus rodgersii and Heliocidaris erythrogramma) by rock lobsters (Jasus edwardsii). A 
non-lethal method was used to source faecal samples from trap-caught lobsters in winter and 
summer over two years within two no-take research reserves. There was high variability in the 
proportion of lobsters with faeces positive for sea urchin DNA, with significant variability across 
years and seasons dependent on lobster size. Independent estimates of lobster predation rate on 
sea urchins (determined from observed declines in urchin abundances) suggest that rates of 
molecular prey detection generally overestimated predation rates. Also, small lobsters known to 
be incapable of directly predating emergent sea urchins showed relatively high rates of positive 
tests. These results indicate that some lobsters ingest non-predatory sources of sea urchin DNA, 
which may include (1) ingestion of C. rodgersii DNA from the benthos (urchin DNA is detectable in 
benthic sediments and some lobsters yield urchin DNA in faeces when fed urchin faeces or 
sediment); (2) scavenging (small lobsters feed on carcasses of large urchins killed by large 
lobsters); and (3) predation by rock lobsters on small pre-emergent urchins that live cryptically 
within the reef matrix (although this possibility could not be assessed). While the DNA-based 
approach and direct monitoring of urchin populations both indicate high absolute predation rates 
of large lobsters on emergent urchins, the study shows that in some cases absolute predation 
rates and inferences of predator-prey interactions cannot be reliably estimated from molecular 
signals obtained from the faeces of benthic predators. At a broad semi-quantitative level, the 
approach is useful to identify relative magnitudes of predation and temporal and spatial 
variability in predation. 
Keywords: Jasus edwardsii, rock lobsters, sea urchins, Centrostephanus rodgersii, Heliocidaris 
erythrogramma, predator-prey interactions, polymerase chain reaction (PCR), quantitative Real 
Time PCR (qPCR), prey detection, rock lobster diet 
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5.2 Introduction 
 
Understanding the composition of the diet of individual species is fundamental in defining trophic 
interactions and relating trophic structure to the functioning of marine communities. Estimating 
the rate at which particular prey are consumed and thus quantifying overall per capita effects of 
predators on prey populations is particularly important when interactions involve species capable 
of exerting overwhelming influence on ecosystem dynamics, such as between kelp grazing sea 
urchins and their predators on temperate rocky reefs (e.g. sea otters, (Estes and Palmisano, 
1974a); clawed lobsters, (Breen and Mann, 1976); fish, (Cowen, 1983); and spiny lobsters, (Tegner 
and Levin, 1983b, Ling and Johnson, 2009). Marine ecologists have usually identified predator-
prey interactions and inferred the effects of consumption either by opportunistic observations 
(Estes and Palmisano, 1974b, Estes et al., 1998), visual examination of gut contents (Estes et al., 
1978, Cowen, 1983) or scats (Estes and Duggins, 1995), by running laboratory trials over days 
(Tegner and Levin, 1983b, Ling et al., 2009b), conducting trials in situ over several months (Ling et 
al., 2009b, Ling and Johnson, 2012) to tracking abundances of predators and their prey in nature 
over decades (e.g. reviews by (Babcock et al., 2010a);(Watson and Estes, 2011)). However, given 
inherent difficulty in directly observing predator-prey interactions, and the possibility of large 
spatial and temporal variability in these dynamics, determining interaction strengths between 
species in nature remains a fundamental and challenging task for marine ecologists. 
  
In recent decades, advances in molecular biology have shown that prey DNA recovered from 
predator faecal material can be used to identify the prey consumed (Symondson, 2002). High 
resolution molecular tools represent an emerging potential to define and quantify species 
interactions. As a non-lethal and largely non-intrusive dietary sampling technique, DNA testing of 
predator faecal material also resolves conservation and ethical issues posed by more traditional 
approaches to dietary studies that require sacrificing large numbers of animals (Redd et al., 2008, 
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Jarman and Wilson, 2004). Furthermore, large numbers of samples can be processed quickly and 
efficiently allowing more quantitatively robust description of food-web structure and thus better 
inferences of community dynamics. This meets an increasingly urgent need as rapidly changing 
ocean climates and other human-derived stressors progressively alter marine food webs and lead 
to major shifts in ecosystem structure and function (Johnson et al., 2011, Wernberg et al., 2011). 
 
On the warming temperate coast of eastern Tasmania (south east Australia), climate-driven range 
extension of the habitat-modifying sea urchin Centrostephanus rodgersii (Diadematidae) poses a  
considerable ecological threat given this species’ capacity to overgraze productive seaweed beds 
and effect a wholesale shift in reef state and ecology to impoverished sea urchin dominated 
‘barrens’ habitat (Ling et al., 2009a). Owing to grazing by this single species, ~50% of all near-
shore rocky reef is maintained as barrens habitat within the sea urchins’ native range in New 
South Wales (Andrew and O'Neill, 2000) and in northeast Tasmania where the urchin first 
established in Tasmanian waters (Johnson et al., 2005). Thus, the threat of overgrazing in 
Tasmania is significant, with major implications given that these kelp beds support south east 
Australia’s most valuable fisheries – for southern rock lobster (Jasus edwardsii) and black lip 
abalone (Haliotis rubra) – which are not commercially viable on urchin barrens (Johnson et al., 
2005). This large ecological shift, associated with ocean warming and range-extension of this 
habitat-modifying sea urchin, is also influenced by the effects of intensive fishing of the key 
predator of the sea urchins (Ling and Johnson, 2009, Ling and Johnson, 2012). In eastern 
Tasmania, field and laboratory experiments show that large rock lobsters (≥140 mm carapace 
length, i.e. 30-35 mm CL above the minimum legal size) are the principal predators of emergent 
sizes of C. rodgersii (i.e. of individuals >70 mm test diameter), but that these large predatory 
capable lobsters are currently rare due to intense fishing pressure (Ling et al., 2009a). 
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The impact of fishing on the abundance of large lobsters in eastern Tasmania is demonstrated 
clearly by long-term monitoring comparing reefs inside marine protected areas with nearby reefs 
open to intensive fishing (Edgar et al., 2009, Ling and Johnson, 2009). Evidence of cascading 
trophic effects as a result of rebuilding abundances of large lobsters (Jasus edwardsii) within 
protected areas is evident where native sea urchin species capable of overgrazing in New Zealand 
(Evechinus chloriticus,(Shears and Babcock, 2002)) and Tasmania (Heliocidaris erythrogramma, 
(Johnson et al., 2004) (Pederson and Johnson, 2006, Ling et al., 2010)), occur at relatively low 
densities in areas where large lobsters are abundant (reviewed by Babcock et al. 2010). In New 
Zealand, ongoing predator-driven recovery of kelp beds on extensive barrens habitat has been 
observed to occur over several decades post cessation of fishing (Shears and Babcock, 2003). 
 
In an attempt to determine whether management practices to increase the number of large 
lobsters would be an efficient means of remediating extensive established C. rodgersii barrens, 
and/or prevent further barrens formation at sites where the urchin is established but barrens 
formation is at an incipient stage, two no-take research reserves were declared in eastern 
Tasmania to facilitate rebuilding populations of large lobsters. To accelerate the rebuilding, large 
lobsters captured in remote areas by the commercial fishery were translocated to each of the 
research reserves. Here we evaluate the capacity of qPCR molecular techniques to quantify the 
proportion of sea urchins ingested by large lobsters within these reserves in an attempt to better 
understand trophic dynamics in this rapidly changing rocky reef system. 
5.3 Materials and Methods 
 
Experimental sites 
To examine the effects of rebuilding stocks of large lobsters on sea urchin populations and 
seaweed cover, two no-take research reserves were specifically declared for this purpose in 2008. 
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Reserve sites were at Elephant Rock in north east Tasmania (hereafter Elephant Rock Research 
Reserve, ERRR; 41.25°S, 148.35°E;  declared 23rd April 2008; an area of extensive overgrazed 
Centrostephanus rodgersii barrens ~200,000 m2 in size which constituted ~50% of all nearshore 
reef at the site), and at North Bay in South East Tasmania where incipient C. rodgersii barrens 
were prevalent (barrens patches ~1-10s m2) (North Bay Research Reserve, NBRR; 42.84°S, 
147.92°E; declared 1st November 2008; ‘incipient barrens’ patches comprised ~1% cover of the 
total reef area interspersed among otherwise healthy seaweed beds; see Table 1 for further 
details). 
 
To immediately rebuild a population of large lobsters capable of preying on Centrostephanus 
rodgersii (see Ling et al. 2009b), large lobsters (≥140 mm CL) sourced from remote areas by 
commercial fishers were accumulated in processing facilities and individually tagged before 
translocation to the research reserves. A total of 1,665 large lobsters (140 – 220 mm carapace 
length [CL]; total biomass ~2,289 kg) were translocated in this manner. Of this total, 933 large 
lobsters were translocated to ERRR on two principle release occasions (April and November 2008); 
while 732 large lobsters were translocated to NBRR over two occasions (May 2009 and March 
2010). 
 
Sampling rock lobsters 
Faecal samples from individual lobsters were obtained by trapping lobsters within the research 
reserves during winter and summer seasons over two years post translocation of lobsters (see 
Figure 2A). Traps were set across the available reef area within the reserves on a regular spaced 
virtual grid (60 m between grid points). For ERRR, each trap position was assigned to either kelp 
or sea urchin barrens habitat following intensive video mapping of the benthos at each grid point. 
As per commercial operations, traps were baited with whole jack mackerel (Trachurus declivis) 
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and couta (Thyrsites atun) heads, which were deployed on the reef at depths between ~3-45 m.  
Traps were effective at sampling lobsters to a minimum size of approximately 50 mm carapace 
length (CL; ~60 g fresh weight) while lobsters below this size, while present at the sites, were 
likely to escape through the mesh of the trap (25 by 25 mm). Each captured lobster was 
measured for carapace length to the nearest mm with knife-edge callipers and assigned to size 
categories of small (≤110 mm CL, i.e. undersized lobsters); medium (>110 & <140 mm CL); and 
large (≥140 mm CL), inclusive of large residents and large translocated individuals. Captured 
lobsters were then sampled for faecal material, tagged (if they were untagged residents), and 
released at the site of capture. 
 
Faecal material collection 
Lobster faeces were collected using a 100-1,000 L pipette with disposable tips.  For each faecal 
sample a new sterile tip was used to prevent contamination between samples. The tip was 
inserted directly into the anal pore of the lobster to remove faeces from the hindgut.  The 
collected material was immediately pipetted into a 1.5 mL micro centrifuge tube containing 500 
L of MilliQ water, stored on ice and frozen at -20˚ C as soon as could be arranged.  The volume 
collected varied from approximately 10 L to 1 mL depending on the size of lobster and fullness 
of the hindgut.  Rock lobsters which failed to yield a faecal sample were recorded as ‘non-feeding’ 
(for proportions of lobster catch deemed to be feeding, refer to Figure 2B).  Water was removed 
from samples before DNA extraction by centrifuging at 10,000 g for 30 s.  Excess water was 
poured off and the sample tubes centrifuged again.  Any remaining water was then removed by 
pipette prior to DNA extraction. 
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DNA extraction 
The Ultra Clean™ Faecal DNA Kit (Mo Bio Laboratories, Inc.) was used for DNA extractions on rock 
lobster faecal samples following the manufacturer’s protocols with the supplied proprietary 
buffers and reagents.  The 96-well format was chosen due to the large number of samples 
processed and all DNA extracted from faecal samples using this kit was ready for PCR as the 
manufacturer’s protocol appeared to remove any potential PCR inhibitors.  DNA was quantified 
on a NanoDrop 8000 (Thermo Scientific) to determine the total yield in each sample. 
 
PCR amplification 
Precautions were taken during preparation of PCR reactions to minimize the possibility of 
contamination by extraneous DNA. Aerosol-resistant barrier pipette tips were used for preparing 
all PCR reactions and pipette tips were either sterile and pre-packaged or autoclaved prior to use.  
All PCR reactions were prepared in a dedicated hood where PCR tubes, pipettes and pipette tips 
were subjected to UV light for a minimum of 10 minutes prior to setting up each PCR reaction.   
 
The components of the 14 µL PCRs were as follows: 10 µL SYBRgreen (Sensimix, Quantace, 
Bioline), 1.25 µL each primer (Geneworks), 1.5 µL 50mM MgCl2 (Quantace, Bioline), and 2µL 
template which contained approximately 50 ng of total DNA.  Both positive and negative controls 
were run with each batch of PCRs. For negative controls 2 µL MilliQ H2O was used as template 
and for positive controls ~ 40 ng template DNA from Centrostephanus rodgersii and Heliocidaris 
erythrogramma was used to confirm reaction success. For internal standards, plasmids with the 
650bp 16s amplicons from C. rodgersii and H. erythrogramma insertions were used and serial 
dilutions of 1:10, 1:100, 1:1,000, 1:10,000 and 1:100,000 obtained using a CAS-1200N robotic 
 70 
liquid handling system (Corbett Research) provided standard curves for each qPCR reaction.  PCR 
reactions were performed twice to exclude the possibility of pipetting or machine errors. 
 
The PCR primer sets used in this experiment (Table 2) were obtained from GeneWorks Pty. Ltd. 
Custom Oligonucleotide service, and diluted to 10 μM for use in setting up PCR reactions.  Real-
time PCR reactions were set up with a CAS-1200N robotic liquid handling system (Corbett 
Research) and run in a RotorGene RG 3000 (Corbett Research) for 50 cycles: with an initial 95 C 
step for 10 seconds followed by an annealing temperature at 54 C for 15 seconds followed by an 
extension step at 72 C for 20 seconds.  At the conclusion of each PCR run, amplicons were 
confirmed with a melt profile performed at 72 C – 95 C rising by 1 C every 5 seconds.  
 
Filtering PCR amplifications: determining presence of sea urchin DNA 
PCR amplification curves were screened for (1) non-normal amplification curves, including a 
minimum threshold for fluorescence (threshold values of relative fluorescent units (RFU) were set 
at 0.1 RFU for C. rodgersii and 0.6 RFU for H. erythrogramma such that curves that appeared 
otherwise normal but that did not exceed this threshold were considered abnormal and were also 
removed); and (2) lower and upper cross thresholds (Ct) to minimise effects of false positives as a 
result of primer dimerization (i.e. reactions that developed unrealistically quickly indicated by Ct 
values of < 8 cycles; and reactions manifest as normal curves but that took too many cycles to 
amplify, consistent with primer dimerization, were excluded from consideration; that is, all 
samples scored as positive had melt curves indicating denaturation of the target amplicon rather 
than primer dimer, which could be identified as a low tm peak in negative controls). Thus, 
positive tests for assays of C. rodgersii were considered as those 8 < Ct value <40; and for H. 
erythrogramma as 8 < Ct value <45 (see Appendix 1 for Ct frequency distributions for each urchin 
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species obtained from analysis of faecal material of trap caught lobsters at the reserve sites field; 
of lobsters used in aquarium feeding trials – see below; and of sediment samples obtained from 
the two translocation sites – see Table 5 below). 
 
Recent advances in molecular biology have shown that in some cases prey DNA recovered from 
predator faecal material can be used not only to identify the prey consumed (Symondson, 2002) 
but also to quantify the amount ingested (Deagle and Tollit, 2006). Quantification of prey material 
in dietary samples can be accomplished using genomic DNA standards of known provenance, or 
to ensure consistency, fragments of amplified DNA are inserted into circular plasmid 
molecules.  These genomic DNA standards or plasmid preparations are then serially diluted and 
used as internal standard with each PCR experiment.  This approach is most appropriate for 
predator/ prey applications where the assays are directed at particular prey species of interest 
(Bowles et al. 2011; Deagle & Tollit, 2007). 
 
However for field based samples, quantifying exact or even relative dietary intake is difficult 
because the amount of prey DNA in faeces is influenced not only by the amount ingested but also 
by other confounding factors including varying rates of digestion among individuals, the time 
between ingestion and defecation, the freshness of the recovered faecal material, and the 
condition of the ingested prey in circumstances where consumption is through scavenging of prey 
remains.  Studies of marine birds and mammals in captivity show that the ratios of prey DNA 
detected loosely match the ratio of fish species fed during trials (Deagle and Tollit, 2006). But 
where prior feeding regimes are unknown (such is the case for wild-caught animals) it is currently 
not feasible to estimate even relative quantities of prey consumed using sensitive molecular 
techniques, so we adopted binary scoring (0,1). Thus, predation rates of lobsters on sea urchins 
 72 
were scored as the number of individual lobsters in a given catch testing positive to sea urchin 
DNA, which we assumed could arise from ingestion of urchin DNA at any time over the previous 
3-days (earlier work established that C. rodgersii DNA is detectable in lobster faecal samples for 7-
60 hours after ingestion, so the assumption of 3 days errs on the conservative; that is, prior 
feeding trials within controlled laboratory settings confirm that lobsters that have fed within a 
three day period will have a full hindgut and yield faecal material (Redd et al., 2008). 
 
Analysis of variability in lobster feeding on sea urchins based on assays from field 
samples 
Patterns of variability in the proportion of lobsters positive for sea urchin DNA (as defined by Ct 
thresholds outlined above) were assessed with binomial Generalised Linear Models (GLMs) with 
Logit link functions fitted using R (Ver. 2.15.1). GLMs relax the restrictions imposed by standard 
regression models on both the distribution of the response (here binomial) and the functional 
relationship between the response and predictors (here logit). Analysis of the deviance of fully-
saturated models (including all main and interactive effects), as per standard analysis of variance 
but substituting classical F-tests for maximum likelihood estimation, were performed separately 
for each site. For ERRR, a 4-way model was assessed (Year*Season*Size*Habitat) in which there 
were 2 levels of Year, 2009 vs. 2010; Season, winter vs. summer; Habitat, seaweed bed vs. barren; 
and 3 levels of Size, small lobsters (≤110 mm CL) vs. medium lobsters (>110 & <140 mm CL) vs. 
large lobsters (≥140 mm CL).  For NBRR, where habitat consisted entirely of seaweed bed (albeit 
supporting small incipient barrens patches), the 3-way model consisting of Year*Season*Size was 
examined.  
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Potential passive sources of sea urchin DNA: benthic sediments and excreted sea 
urchin faeces 
Direct observations of large rock lobsters during daylight hours indicate that they sometimes 
appear to ’taste’ and / or  consume sedimentary material; a feature also noted occasionally for 
resident individuals (Ling, 2009).  It was therefore necessary to assay for the presence of sea 
urchin DNA in benthic sediments, and to assess the potential for qPCR to detect sea urchin DNA in 
lobster faeces following ingestion of sediment or cast urchin faeces by rock lobsters. Benthic 
sediment samples were collected by SCUBA divers at both the ERRR and NBRR sites using 25 mL 
HSW sterile syringes (Henke Sass Wolf, GmbH) to obtain~20 ml samples across a range of water 
depths and habitats.  Distinct habitats at ERRR included both sea urchin barrens and adjacent 
seaweed dominated areas which were sampled at 10 m (seaweed habitat), and 15, 20 and 25 m 
(barrens habitat) depth, while at NBRR samples were from the seaweed bed and incipient barrens 
patches within it at a depth of ~8 m. 
 
Feeding lobsters benthic sediment/ sea urchin faecal material  
Rock lobsters used in feeding trials were captured by trapping in the Crayfish Point Marine 
Reserve at Taroona, Tasmania (42.95 °S, 147.34 °E) in April 2010.  Lobsters were collected 
opportunistically ensuring an even distribution of sexes and a wide range of sizes.  The size 
(carapace length = CL) of all captured lobsters was measured to the nearest mm.  Captured 
lobsters were immediately taken to the laboratory and kept in aerated, flow-through seawater 
tanks.  For the duration of the feeding trials, lobsters were maintained under ambient light 
conditions and water temperatures in outdoor aquaria at the Institute for Marine and Antarctic 
Studies Marine Research Laboratories, Taroona, Tasmania. 
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For each trial, individual lobsters were placed in one section of a 450 L tank separated into three 
sections with plastic mesh and dividers. Each lobster was provided with a 400 mm x 200 mm 
concrete block as a shelter. All lobsters were starved for > 3-days prior to each feeding trial to 
facilitate gut evacuation and to remove any remaining prey DNA from the digestive tract (Redd et 
al. 2008). For each trial, fresh sea urchin faecal material was obtained from both species by 
allowing individuals of H. erythrogramma and C. rodgersii to defecate overnight in aquaria. To 
prepare gelatine ‘food parcels’ based on both the sea urchin faecal material and the benthic 
sediment samples, filtered seawater was heated to 100° C and mixed with gelatine (Davis, New 
Zealand), stirred and then poured into 30 ml plastic moulds to which the component of each diet 
formula (i.e. sediment, or fresh sea urchin faecal pellets, or fresh sea urchin gonad tissue) was 
added and stirred in once the mixture had cooled to ~25°C using a new pipette tip to prevent 
contamination between diet formulas.  The mix was then allowed to solidify in a standard 
refrigerator. 
 
A gelatine ‘food parcel’ (with appropriate dietary element) was introduced to each lobster at 
1700 h and individual lobsters were monitored for feeding activity. Only lobsters that fed actively 
and consumed the entire food sample within the first hour were used in the feeding trials. No 
additional food was provided to lobsters for the duration of the trial and each lobster was 
sampled only once in each trial.  Lobsters were selected for faecal collection over the next two 
days at times (hours after commencement of feeding) based upon results of previous 
experiments to determine the longevity of dietary signals in lobster faeces (Redd et al., 2008).  
Lobsters were allocated diets randomly to eliminate any possible systematic ‘tank’ effect.  
Attempts were made to collect faecal material from at least five replicate lobsters. For each of 
the individual faecal samples, qPCR assays were performed twice to guarantee the consistency of 
the result. 
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Lobster predation rates estimated from decline in sea urchin populations 
Independent estimates of lobster predation rates on C. rodgersii were obtained by monitoring sea 
urchin and lobster populations. 
Estimating change in sea urchin abundance 
Diver-based counts of abundances of emergent sea urchins (Centrostephanus rodgersii and 
Heliocidaris erythrogramma) were performed at both the ERRR and NBRR sites using fixed belt-
transects (50 m length by 2 m width) to monitor changes in their density. To distinguish changes 
in sea urchin density that might be attributable to dynamics unrelated to the addition of lobsters 
and declaration of the reserves, sea urchin densities were also monitored in the same way at 
nearby control sites (matched by similar reef types, with one to the north and one to the south of 
each research reserve). For north east sites where rocky reef habitat exists as seaweed bed or 
widespread sea urchin barrens, a total of 12 independent fixed belt transects were surveyed to 
assess change in urchin populations within ERRR and at both control sites, with transects 
established on both seaweed-dominated (n=6) and sea urchin barrens habitats (n=6) at each site 
(Fig. 1). In the south east, 6 independent fixed belt transects were established within the seaweed 
bed supporting incipient barrens inside the reserve (NBRR) and outside at both control sites (Fig. 
1). In both regions, surveys were conducted on 5 occasions (approximately equally spaced) 
between 2008 and 2011, with one survey before and four after translocation of large lobsters. To 
quantify the net change in the populations of both sea urchin species at experimental and control 
sites in both regions over the entire ~2.5 year study, we compared the first (pre-translocation of 
lobsters = ‘before’) and last (= ‘after’) surveys). 
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Two approaches were used to assess change in urchin populations at the two experimental sites 
relative to the appropriate control sites (referred to as C1 and C2 in each region). First we 
compared the change in urchin density (= ‘B-A’ = ‘density before’ – ‘density after’, given fixed 
transects) between control and experimental sites. To minimise risk of Type II error, we first ran a 
1-way ANOVA (on the ‘B-A’ metric) to compare the control sites (C1 and C2 in each region) and 
assess the possibility of ‘post-hoc pooling’ of control sites based on the usual criterion P>0.25 in 
the comparison C1 vs. C2. For C. rodgersii in both the NE and SE regions, P>0.25 in the C1 vs. C2 
comparison (P = 0.448 and 0.284 respectively), so control sites were pooled and compared with 
the experimental site in each region. For H. erythrogramma changes in density at C1 and C2 were 
similar in the NE (P = 0.673) and so control sites were pooled for this region, but in the SE the 
change in density was different at the two control sites (P = 0.032; at one site there was a decline, 
at the other an increase, in density – see Table 6), so the control sites were not pooled. After 
pooling (or not), for both urchin species and for both the NE and SE regions, the change in density 
(‘B-A’) in the experimental sites and adjacent control sites was compared by 1-way ANOVA.  
 
In the second and complementary approach, which addressed a related but distinctly different 
null hypothesis, because transects were fixed in space it was possible to separate the 
independent effects of change in urchin density and spatial variability using paired t-tests to 
determine whether the change in urchin density (‘B-A’) at each site differed significantly from 
zero. In these tests we controlled overall experiment-wise Type I error rates using the Dunn-Sidak 
adjustment to α for n = 3 tests within each region (i.e. reserve and two control sites were 
examined separately in each region). For the NE, because predatory lobsters were observed to 
move freely between adjacent habitats (Ling et al. in prep.) and urchins in both habitats were 
equally accessible to lobsters, benthic transects were pooled across habitats to give an overall 
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trend of urchin population dynamics at the site level (i.e. n = 12 replicate transects for reserve 
and control sites). 
 
Estimating large lobster abundance 
Every translocated and captured resident lobster caught within both ERRR and NBRR was 
uniquely tagged for individual identification. Trap sampling was performed ~6 monthly at both 
NBRR and ERRR over the ~2.5 year study, yielding individual “encounter histories” for each 
lobster (individuals were scored as either, ‘present and alive’ or ‘absent’ at each re-sampling 
period). This enabled modelling individual survival estimates for translocated (group 1) and 
resident lobsters (group 2) using the Cormack-Jolly-Seber (CJS) ‘recaptures only’ mark-recapture 
routine available in the Program MARK® software (White and Burnham, 1999). For CJS, the 
number of individuals re-sighted alive on subsequent sampling occasions is a function of 2 
probabilities: the probability of survival (φ), and the probability that a surviving individual is 
encountered (ρ). Program MARK® uses Maximum Likelihood estimation to derive estimates of the 
parameters φ and ρ which maximize the likelihood of witnessing the observed frequency of 
individuals across different encounter history scenarios.  
 
Following goodness-of-fit testing of the saturated model [i.e. where φ and ρ depend on both 
lobster group and time, formally denoted φ (group*time) and ρ (group*time)], the most 
parsimonious CJS model (based on Akaike’s Information Criterion) was then used to inform 
estimates of the lobster populations using the POPAN routine in MARK®. For translocated 
lobsters, the estimated apparent ‘survival’ rate (which reflects both survival and emigration of 
lobsters out of the reserve site) was low immediately post-release of translocated lobsters, as 
evidenced by the best supported CJS model in which translocated lobsters showed lower survival 
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than resident lobsters, but thereafter translocated lobsters demonstrated survival rates similar to 
resident animals. For translocated lobsters, the best estimate of the number retained within the 
reserve sites was obtained by projecting daily survival rates (obtained by the best supported CJS 
model) onto the known number of lobsters released over the duration of the study.  
 
Where the starting abundance was unknown, i.e. for resident lobsters, the POPAN model was 
used to estimate abundances of resident lobsters by size-class (large, 140mm CL; medium ≥110 & 
<140 mm CL; small, <110 mm CL) within each reserve at the time of final sampling. The total 
abundance of large lobsters ≥ 140 mm CL (translocated plus resident lobsters) capable of preying 
on emergent size-classes of C. rodgersii (Ling and Johnson, 2009), and of medium- and large-sized 
lobsters (translocated plus residents) ≥110 mm CL capable of consuming emergent H. 
erythrogramma (Pederson and Johnson, 2006), were estimated for each reserve.  
 
As per the sampling design for diver-based estimates of sea urchin abundances, lobster size and 
abundance was also estimated in situ by divers (belt transects of 50 by 4 m in dimension were 
used in NE Tasmania for the ERRR experiment; while geo-referenced searching swims were used 
to optimally assess lobster abundance in SE Tasmania for the NBRR experiment); with these 
surveys demonstrating that large predatory size-classes of lobsters are effectively absent/ rare on 
fished reef outside the research reserve areas (Table 1). 
 
Estimating predation rates  
Independent estimates of mortality rates of emergent sea urchins (i.e. excluding the smallest size 
classes of sea urchins, approx. <70 mm test diameter, that are restricted to cryptic habitat within 
the interstices of the reef and not visible or accessible to divers without them rolling boulders) 
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were determined for comparison with the proportion of sea urchin DNA ingested as obtained 
from molecular analysis of lobster faecal material. Given consistent and statistically significant 
declines in sea urchin populations at both reserve sites over the duration of the study (significant 
declines were observed for both C. rodgersii and H. erythrogramma at NBRR, and C. rodgersii 
within ERRR; see  Table 6), but non-significant changes and lack of  consistent  direction in the 
change in urchin abundance at adjacent control sites, we assumed that urchin population 
declines at the reserve sites were  entirely attributable to predation by large lobsters as 
supported by prior in situ demonstrations (Ling and Johnson, 2009) (Ling et al 2009;b; Ling & 
Johnson 2012). In addition, the net decline of urchins was assessed for the Research Reserves 
after factoring for change (either incline or decline) in urchin populations at the Control sites. 
Furthermore, the net increase in lobster abundance within the Research Reserves, i.e. that 
number of lobsters above and beyond the Control sites, albeit it very low, was also accounted for 
by calculating the net loss of urchins attributable to the enhanced lobster population within the 
Research Reserve sites. 
 
For each reserve site and for each species of sea urchin, we estimated the mean number of sea 
urchins to which each lobster had access, and fitted an exponential decay model based on a three 
day time step to preserve the observed density of urchins at the beginning and end of the 
experimental period (observation periods were 955 days at ERRR and 840 days at NBRR). 
Exponential decay was fitted on the basis of the pattern of mortality observed in four populations 
of tagged C. rodgersii subject to predation by lobsters inside and outside of two marine reserves 
(Ling and Johnson, 2009) and to patterns of urchin decline at the reserve sites themselves. This is 
ecologically sensible since it captures declining absolute predation by lobsters as sea urchin 
densities, and thus encounter rates, decline. We also ran a similar exercise but where the initial 
and final urchin densities at ERRR and NBRR over the experimental periods were taken as the 
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mean densities estimated by fitting an exponential decay through all data from every sampling 
period (note that in this exercise, for NBRR the exponential fit was significantly better than a 
linear fit, while for ERRR the exponential fit did not provide a better description that a linear fit). 
Since the estimated predation rates were within 1% across the two methods, here we report on 
calculations based only on the observed sea urchin densities at the beginning and end of the 
study inside the research reserves. 
 
Extensive data on movement of individual lobsters provided by VRAP acoustic tagging technology 
provided robust estimates of the home range area of individual lobsters (Johnson et al., in 
preparation) and indicated that lobster densities were sufficiently high that home ranges were 
overlapping at both study sites. On this basis the mean number of sea urchins to which each 
lobster had access was estimated as the total number of sea urchins in each reserve divided by 
the number of large lobsters in the reserves. As outlined earlier, based on extensive empirical and 
experimental observation of size-specific predation on sea urchins by lobsters, large (predatory-
capable) lobsters for Centrostephanus rodgersii were deemed as those >140 mm CL (Ling and 
Johnson, 2009) while lobsters >110 mm CL (i.e. medium sized and above) were considered 
capable of predating Heliocidaris erythrogramma (Pederson and Johnson, 2006). 
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Cross-checking two independent estimates of predation rates 
Predation rates derived from DNA detections for each lobster size-class were averaged for all four 
sampling periods (across seasons and years) to obtain time-integrated average sea urchin 
predation within the reserves over the study, with mean values and confidence intervals 
generated from 10,000 bootstrap simulations of the observed variability between different years 
and seasons. To cross-check DNA based predation estimates within the research reserves, the 
rate of lobster predation was calculated from the observed decline in urchin abundance using an 
exponential decay function with 3-day time step from which we calculated the mean number 
(over the entire study period) of urchins consumed per lobster per 3-day period. Mean values and 
CIs for 3-day predation rates were estimated from 10,000 bootstrap simulations of the variability 
in predicted large lobster abundance and variability in the change in urchin abundance across 
replicate fixed transects surveyed at the start and conclusion of the study within the reserves (to 
determine net decline of urchins within the Research Reserves relative to Control sites, bootstrap 
simulations of net change in urchins density for Research Reserves was estimated by factoring 
this change against the ‘Control’ dynamics obtained by bootstrapping evenly across both Control 
sites). Estimating predation rates on urchins based on both the DNA assays and observed declines 
in urchin densities at the reserve sites assumes that each lobster would not consume more than 1 
urchin within any 3-day period. While this assumption may be conservative (deliberately), it is 
supported by in situ remote video surveys of lobsters consuming sea urchins within marine 
reserves (see Ling et al. 2009a) where, particularly for large urchins, on average no more than a 
single urchin was observed to be consumed by large individually identifiable lobsters within a 3-
day period. In addition, as was the case in deriving overall mean-field estimates of predation rate 
based on DNA assays pooled across years and seasons, in deriving estimates of predation to 
explain declines in sea urchins we calculated an average across the entire study period. 
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5.4 Results 
Variability in detection rate of sea urchin DNA in lobster faeces  
Detection rates of sea urchin DNA in lobster faeces at ERRR and NBRR indicated ingestion of both 
Centrostephanus rodgersii and Heliocidaris erythrogramma tissue across all lobster size-classes 
examined (Figure 2C). Within the ERRR, which supported extensive C. rodgersii barrens, the 
overall detection rates for C. rodgersii and H. erythrogramma DNA across all lobster size-classes 
was similar, at 0.38 and 0.36 respectively. In contrast, within NBRR, the overall rate of detection 
for C. rodgersii DNA in lobster faeces was lower at 0.25, while the detection rate for H. 
erythrogramma was 0.32. These patterns broadly reflected the rank abundance of the two sea 
urchin species at these sites, i.e. higher C. rodgersii and lower H. erythrogramma at ERRR, and 
lower C. rodgersii and higher H. erythrogramma at NBRR (Table 1). At a finer temporal resolution, 
detection rates varied significantly across years for C. rodgersii and H. erythrogramma at both 
sites variously depending on lobster size and season (Figure 2C; Tables 3,4), and  across seasons 
depending on the year and/or lobster size (Tables 3, 4a) for all but H. erythrogramma at NBRR 
(Table 4b). 
 
In general, the proportion of positive assays to sea urchin DNA increased with increasing lobster 
size (Figure 2C; and Table 6). Notably, the proportion of smaller lobsters (<140 mm CL) testing 
positive for sea urchin DNA was higher than expected based on results of in situ field experiments 
showing that only large lobsters could directly predate sea urchins (Figure 2 and Table 6). For 
ERRR, the GLM revealed an effect of lobster size on the proportion of positive assays for 
Centrostephanus rodgersii but this was dependent on year and season; lobster size also 
interacted significantly with season and habitat (Table 3A). For Heliocidaris erythrogramma at 
ERRR, the effect of size was both dependent on habitat and season (Table 3B). Furthermore, 
comparison of reduced models (stepwise removal of terms) revealed that significantly better fit 
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was achieved when the habitat factor was included for H. erythrogramma (relative to the 
reduced Year * Season * Size model; P>Chi =0.008), but not for Centrostephanus (P>Chi =0.246). 
At NBRR, lobster size yielded significant effects in combination with year and season for C. 
rodgersii, but lobster size had no effect on H. erythrogramma detections at this site where both 
season and year had significant effects on detection rates for H. erythrogramma as main effects 
(Table 4). 
 
‘Extraneous’ sources and passive ingestion of sea urchin DNA 
PCR assays indicated that Centrostephanus rodgersii and Heliocidaris erythrogramma DNA was 
present in the unconsolidated sediments accumulated between boulders on the reefs at both 
sites, and at different depths and habitats (Table 5Ai.). There were also a small number of positive 
detections of sea urchin DNA in the faeces of lobsters that were fed gelatine ‘food parcels’ 
containing sediments collected from the benthos at both sites, although on most occasions (10 of 
14 tests) no urchin DNA was detected in faeces of lobsters fed sediment, presumably because the 
digestion process further degraded urchin DNA contained in the sediment (Table 5Aii.). There 
were also positive detections of sea urchin DNA in the faeces of both C. rodgersii and H. 
erythrogramma (obtained from animals collected from incipient barrens patches at NBRR where 
the species co-occur, Table 5Bi.), and low but non-zero rates of detection of urchin DNA (of both 
species) in lobster faeces from individuals fed food parcels containing C. rodgersii sea urchin 
faecal pellets (Table 5Bii.). There were no detections of urchin DNA in the faeces of lobsters fed H. 
erythrogramma faeces (Table 5Bii). We draw particular attention to the result that DNA from one 
urchin species was sometimes detected in the faecal pellets of the other urchin (suggesting that 
each species may ingest faecal material of the other in the incipient barrens patches from which 
the urchins were collected), and that faecal pellets obtained from each species don’t universally 
contain detectable DNA from that species. 
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DNA based estimates of predation vs. observed sea urchin declines  
Comparing the proportion of lobsters testing positive to sea urchin DNA (averaged across all 
sampling periods of the study; Table 6i) with estimates determined independently to account for 
the observed decline in sea urchin abundance at each site (Table 6ii; both proportions represent 
equivalent instantaneous 3-day ingestion rates averaged over the ~2.5 year study period), 
revealed broad agreement between methods based on mean values and overlap of 95% CIs. 
However, for the sizes of lobsters known to prey directly on emergent size-classes of sea urchins, 
DNA assays consistently showed higher proportions of lobsters testing positive than that required 
to account for the observed decline in abundance of both sea urchin species at both ERRR and 
NBRR. Similarly, given prior observations over an extensive range of sizes of both lobsters and 
urchins showing that only large lobsters are capable of directly preying on emergent sea urchin 
size-classes for Centrostephanus rodgersii, and only medium and large lobsters for the sea urchin 
Heliocidaris erythrogramma, the proportions of positive DNA detections in faecal pellets of 
smaller size-classes of lobsters were notably high (Table 6, cf. i. & ii.), suggesting ingestion of 
urchin DNA other than through direct predation. 
 
5.5 Discussion 
The potential for molecular detection of predation 
The ecological effects of predation on sea urchins by rock lobsters, both on the prey and on 
broader ecosystem dynamics, continues to be a vexed issue for both management authorities and 
the rock lobster fishery In Tasmania. Although manipulative experiments have clearly identified 
the singular importance of rock lobsters as the principle predator of both Heliocidaris 
erythrogramma (Pederson and Johnson, 2006) and Centrostephanus rodgersii in this region (Ling 
et al., 2009a), and the catastrophic impact of overgrazing seaweed beds by sea urchins is all too 
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apparent (Johnson et al., 2005, Johnson et al., 2012, Ling, 2008, Ling and Johnson, 2012), there 
remain challenges to providing an unambiguous answer to the question of the magnitude of 
predation rates on emergent sea urchins across large spatial scales in the field. Only by obtaining 
such estimates can appropriate ‘target’ densities of large lobsters be identified so that a 
sustainable balance between a viable rock lobster fishery and conservation of desired kelp bed 
habitat can be achieved. The application of molecular prey detection – ‘forensic ecology’ – can 
potentially inform these important questions. 
 
Predatory aquatic invertebrates often consume prey with no hard parts (bones, otoliths, scales, 
etc.) and have extremely efficient digestive systems (Braley et al., 2010, Harper et al., 2005), 
rendering traditional gut content analysis unreliable or unfeasible, and unlikely to yield 
quantitative dietary information (Passmore et al., 2006, Read et al., 2006). It is not surprising 
therefore that despite clear evidence of the importance of rock lobsters as predators of sea 
urchins (Blamey et al., 2010, Tegner and Levin, 1983a, Mayfield et al., 2001, Shears and Babcock, 
2002, Pederson and Johnson, 2006), studies based on analysis of lobster gut contents usually fail 
to identify sea urchins as prey (Mayfield et al., 2001, Mayfield et al., 2000c, Hickman, 1945). This 
is possibly due to heavy maceration of urchin hard parts in the gastric mill and/or lobsters only 
consuming soft tissues such as gonad and connective ligaments through the urchin’s peristomial 
opening while the remainder of the test remains intact and is not consumed (S. D. Ling, pers.obs.). 
 
A further complication is the necessity to sample the population frequently enough to account for 
the highly seasonal nature of foraging activity (e.g. (Ziegler et al., 2003) and diet structure (Ennis, 
1973, Mayfield et al., 2000a) in temperate lobsters. Lobsters in Tasmania present an additional 
problem because they are the target of a valuable live fishery with a discerning market (Mayfield 
 86 
et al., 2000c), so to obtain meaningful sample sizes, it is essential that animals are sampled live 
and returned to the reef at sea or to commercial holding tanks for live trade in perfect condition.  
The non-lethal faecal collection technique we employed allows for rapid, efficient and repeated 
sampling with replacement. Thus, for animals such as rock lobsters, DNA-based approaches 
emerge as a promising tool to assess predation on specific prey across a variety of spatial and 
temporal scales (Mayfield et al., 2000a, Redd et al., 2008, Chow et al., 2006). 
 
Interpreting molecular detection of prey 
Despite the high potential of the technique for the purpose, interpreting molecular detection of 
prey is far from straightforward, and our work suggests that it may be particularly problematic for 
benthic foraging species. Where estimates of minimum predation rate are required, it is 
necessary to consider both the degradation of DNA during digestion in a predator’s gut, and the 
power of PCR to amplify a prey-specific region of DNA from semi-digested material (Deagle et al., 
2005b, Nejstgaard et al., 2003, Parsons et al., 2005, Jarman et al., 2002). The longevity of the 
molecular signal in the lobster Jasus edwardsii (from 7-60 hours post consumption, (Redd et al., 
2008)) indicates that individuals obtained from traps during routine commercial fishing or 
research operations can possess prey DNA in their faeces from material consumed prior to the 
lobster entering the trap. In the commercial lobster fishery in Tasmania traps are typically set for 
a maximum of 24 hours, so that prey consumed by a lobster within ~30 hours of entering a trap 
would be detectable using this approach. To be conservative, we assumed that 3 days (72 h) was 
the maximum time after ingestion that prey could be detected.  
 
It is unlikely that top predators in pelagic environments inadvertently ingest DNA of their usual 
prey. In contrast, many benthic predators will forage among the detritus and sedimentary 
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material of the benthos, where they may consume ‘extraneous’ sources of their prey DNA. Sea 
urchin DNA is most likely to occur in sediments as a result of release of their faecal material. We 
found that both sets of sea urchin species-specific PCR primers revealed the presence of sea 
urchin DNA in most (but not all) samples of total environmental DNA extracted from sediment 
accumulated between boulders in both incipient and extensive barrens habitat (Table 5). This is 
not unexpected because marine sediments are well known as repositories for DNA (Bowman and 
McCuaig, 2003). If lobsters do consume sea urchin DNA by feeding on sedimentary material, then 
clearly this has the potential to bias estimates of direct predation based on detection of prey DNA 
in faecal material. The magnitude of the bias will depend on how frequently and how much 
sediment-associated DNA is consumed, rates of denaturation of prey DNA in the sediment, and 
the extent of further denaturation of the DNA once it is ingested and passes through the lobster 
digestive system. It has been previously suggested that rock lobsters may consume marine 
sediment (Cox et al., 1997, Steyna and Schleyera, 2011), and lobsters (Jasus edwardsii) have been 
reported foraging in sediment-based habitats away from rocky reefs (Langlois et al., 2006). 
However, the extent to which lobsters ingest sediments and associated detritus is uncertain, in 
part because direct feeding on sediment is difficult to determine without sacrificing the animal to 
examine gut contents. We have observed large males active during the day appearing to ‘taste’ 
the sediment with their maxillipeds, and while it was not possible to discern from in situ 
observation whether this sediment or associated detritus is ultimately consumed, it is possible 
that sedimentary material can be ingested if bound with other food material. While further 
experimentation is needed to quantify the extent of ingestion of sediment-associated organic 
material, our initial experiments suggest that prey DNA ingested in this way can lead to positive 
detection of urchin DNA in lobster faecal material, although detection rates are low suggesting 
that in most cases ingested DNA is degraded. Even when starved lobsters ingested fresh sea 
urchin faecal pellets embedded in ‘food parcels’, in relatively few cases did the lobster faeces 
subsequently recovered test positive for sea urchin DNA (Table 5). Our tentative conclusion is 
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that inflation of estimates of direction predation as a result of lobsters ingesting sea urchin DNA 
from sediments is likely to be low, but nonetheless partially explains the higher than expected 
rates of DNA detection (particularly for small lobsters) relative to lobster predation rates required 
to explain observed declines in sea urchin abundance within the research reserves.  
There is considerable evidence to suggest that direct predation on adult emergent-sized sea 
urchins in Tasmania is unlikely other than by large lobsters (Pederson and Johnson, 2006, Ling et 
al., 2009b, Ling and Johnson, 2012), and there is no case to suggest that lobsters of any size 
consume other animals that have fed directly on sea urchins. Nonetheless, we cannot discount 
secondary ingestion occurring as a result of lobsters consuming other prey items that have 
consumed either urchin faecal material or sediments containing urchin DNA. But more 
importantly, from extensive deployment of remote infra-red video in situ, we have commonly 
observed smaller lobsters to scavenge the remains of sea urchins killed by large ones. From 19 
‘primary kills’ of tethered sea urchins by large lobsters at night (that were consumed within the 
field-of-view), on average we observed an additional 1.47 (SE = 0.22) smaller scavenging lobsters 
to forage on the fresh sea urchin carcass (i.e. only 40% of all lobsters observed consuming urchins 
were responsible for the primary kill). Clearly, this is likely to lead to over-estimating direct 
predation based on detection of DNA in lobster faeces across all lobster size classes, inclusive of 
large lobsters which were also observed to contest and ultimately scavenge sea urchin kills made 
by other large lobsters. Notably, this rate of scavenging is, on its own, sufficient to account for all 
positive DNA detections in small and medium sized lobsters at the ERRR site, although falls short 
of accounting for all positive detections in small and medium sized lobsters in the incipient 
barrens at the NBRR (from data in Table 5). 
 
Another possibility to consider is that smaller lobsters incapable of tackling and killing a large 
emergent sea urchin are able to find and directly predate the smaller sea urchins that live within 
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the interstices of the reef matrix [and that were not readily available for the predation trials 
conducted by Ling et al. (2009b)]. This possibility needs to be adequately researched, but we 
think it is highly unlikely because we have never observed any kill that did not proceed by the 
lobster standing over the urchin to prise if from the substratum, and then rolling the sea urchin 
through 180° before penetrating and consuming the soft parts through the soft peristomial 
region of the urchin’s oral surface. In the confines of crevices, using their long spines (which are 
disproportionately long in juveniles) the urchins wedge themselves into the crevice and it is not 
possible for lobsters to prise them from the surface to commence the rolling manoeuvre.  
 
It is also possible that estimating predation rates based on DNA analysis of faecal pellets from 
trap-caught lobsters would underestimate actual predation rates. This would arise if sampling 
was undertaken during periods when lobsters were not motivated to forage (Ziegler et al. 2002, 
2003, 2004), or if the motivation to enter traps baited with fish is lower for lobsters that 
habitually feed on the urchins (S. D. Ling pers. obs.). 
 
Limitations of qPCR for determining rates of predation for benthic predators 
Quantifying dietary intake is arguably the ‘holy grail’ of study of predator-prey interactions. 
Recent advances in molecular biology have shown that prey DNA can be used to not only identify 
the prey being consumed (Symondson, 2002) but also to quantify its intake (Deagle and Tollit, 
2006), at least in relative terms. The latter authors showed that ratios of prey DNA  in faecal 
material of marine mammals closely matched the amounts of fish species fed during captive trials 
(Deagle and Tollit, 2006). However, whether qPCR can be used to quantify either relative or 
absolute ingestion of prey from field samples is much less certain (Troedsson et al., 2007, Weber 
and Lundgren, 2009a, Nejstgaard et al., 2008). Because the time of ingestion is unknown for 
material obtained from wild populations, it is well acknowledged that it is unlikely to be possible 
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to discern among (i) low levels of ingestion, (ii) high levels of very recent ingestion, or (iii) high 
levels of ingestion in the relatively distant past, as reasons for observation of relatively low levels 
of prey DNA in predator faeces.  
 
In addition, our results clearly demonstrate there are arguably even more fundamental 
considerations in applying and interpreting qPCR to the detection of benthic prey in predator 
faeces as a means of estimating rates of predation, even when the signal is interpreted at a binary 
level (i.e. to indicate ‘presence’ or ‘absence’ of ingested prey material).  This is because there are 
two elements in the approach that usually require a level of subjectiveness in interpretation, and 
which can have a bearing on absolute estimates of predation rates. The first is the fluorescence 
threshold, and the other is the Ct values below or above which amplification curves are deemed 
not to reflect the presence of target DNA (very low Ct values are usually interpreted as machine 
error, e.g. commonly ascribed to optics in the qPCR machine, while high values are typically 
interpreted to indicate primer dimerisation). In the present work, there was an unambiguous 
discontinuity in the asymptotic value of amplification curves which suggested that identifying the 
fluorescence ‘threshold‘ and related artefacts in samples was robust. However, decisions on cut-
offs for Ct values were not so readily identified. While the few samples with very low Ct scores 
were well separated from the remaining samples, again suggesting a clear or ‘natural’ lower limit 
to identify this kind of erroneous result (see Appendix 1; samples indicating <8 cycles were not 
interpreted as positive detections), we used the upper limit of Ct values (at 40 cycles for C. 
rodgersii and 45 cycles for H. erythrogramma) as the mode of the distribution of Ct scores. While 
this approach is common, and is defendable at some level, it nonetheless has an arbitrary 
component, and it needs to be acknowledged that the problem of primer dimerisation as an 
artefact may begin to arise at Ct values less than or greater than the mode of the distribution of 
values. Clearly, this decision has a direct effect on results and on estimates of predation rates.  
 91 
 
We conclude that it is critical to understand the limitations of qPCR detection of prey items in 
faeces in addressing trophic interactions and complex ecological questions in general, and for 
rocky reefs and other benthic systems in particular. The quest to obtain an unambiguous estimate 
of predation rates by lobsters on emergent sea urchins in the field using qPCR is complicated by 
the lobsters ingesting sea urchin DNA from sources other than by direct predation, subjective 
decisions in interpreting qPCR output, and temporal variability in the DNA signal. The latter is 
likely to reflect real temporal (and spatial) variability, and can be addressed by sampling over 
several years and seasons to obtain a time-averaged result, as we have done here. The other two 
issues are not so readily resolved. Thus, while we are encouraged that the two methods used 
here, at a broad level, give similar results in indicating high rates of predation by lobsters on sea 
urchins when the prey species occurs at high abundance, sufficient challenges in interpretation 
remain such that estimates of direct predation based on qPCR cannot be interpreted 
unambiguously, and are best corroborated by independent approaches. Given this, and 
significant declines in sea urchin densities at the experimental sites with translocated lobsters, 
but inconsistent and non-significant changes at control sites, we take the change in urchin density 
at experimental sites over the ~2.5 years of the study, related to average abundances of large 
(>140 mm CL) lobsters at these sites over this period, as a robust estimate of absolute predation. 
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5.7 Figures and Tables 
 
 
Figure 1.  Map showing the research reserves and associated control sites for (A.) Elephant Rock 
Research Reserve in north eastern Tasmania (widespread Centrostephanus rodgersii sea urchin 
barrens); and for (B.) North Bay Research Reserve in south eastern Tasmania (incipient C. 
rodgersii sea urchin barrens in otherwise intact seaweed beds). The native sea urchin Heliocidaris 
erythrogramma also occurs at all sites. 
  
148
-41.5
140
-30
Tasmania
NSW 
Longitude 
L
a
tit
u
d
e
 
North East
100 km 
5 km 
South East
Australia Elephant Rock
148
NE Control 1
Reserve
NE Control 2
10 km
10 km
SE Control 1
Reserve
SE Control 2
L
o
n
g
itu
d
e
  
-4
8
.5
Latit de 148.0
A.
B.
 94 
 
 
Figure 2. (A.) Catch of lobsters by size-class (see legend) within Elephant Rock and North Bay 
Research Reserves; number of trap lifts to attain catch is shown in parentheses above each 
sampling occasion; for large lobsters (which included both translocated and resident lobsters), 
resident lobsters constituted 8, 13, 12, 25 of the catch across the four sampling periods for ERRR 
barrens; 1, 8, 2, 17 for ERRR kelp; and 2, 2, 1, 23 for NBRR (B.) Proportion of trap-caught lobsters 
by size-class deemed to be feeding; i.e. those for which a faecal sample was obtainable. (C.) 
Proportion of trap-caught lobsters by size-class testing positive to DNA assay for sea urchins (i) 
Centrostephanus rodgersii and (ii) Heliocidaris erythrogramma in lobster faecal material sourced 
from research reserves at Elephant Rock (barrens & seaweed habitats; LHS & middle columns 
respectively) and North Bay  (seaweed / incipient barrens only; RHS column) during winter and 
summer sampling 2009-2011. Note that lobster size classes are: Large, ≥140 mm carapace length 
(CL); medium, ≥110 mm & <140 mm CL; small, <110 mm CL. Filled grey regions represent summer 
periods where feeding rates of lobsters and catch-ability reach an annual high (see Ziegler et al. 
2002, 2003, 2004). 
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Table 1. Habitat distribution and mean abundance of (i) sea urchins (from start to end of the 
study), and (ii) lobsters retained on reefs inside (A.) Elephant Rock Research Reserve (ERRR) in the 
NE “Region” of Tasmania; and (B.) North Bay Research Reserve (NBRR) in the SE Region including 
patterns in abundance at associated Control sites. The ERRR experiment commenced with 
declaration of the protected area on 21/04/2008, while the NBRR experiment started on 
30/09/2008. Note that change in abundance of sea urchin populations and lobster populations 
were estimated by pooling across both seaweed bed and urchin barrens habitats. Further note 
that the remaining 17% of reef at ERRR was classified as deep invertebrate community / sediment 
matrix occurring along the sand edge of the reef at ~35-45 m depth for which we had no diver-
based information on sea urchin densities at either the start or end of monitoring. For (ii), lobster 
abundance estimates are based on mark-recapture ratios of large lobsters CL≥140 mm and total 
legal lobsters CL ≥110 mm and are averaged over the duration of the study period (contribution 
of large translocated lobsters to these estimate are shown in parentheses); also shown is the size-
specific abundance of lobsters at Research Reserves and Control sites averaged across dive 
surveys post-declaration of Research Reserves and release of large translocated lobsters to these 
sites; note that lobster density units are slightly different for each region given that the optimal 
method of diver-based lobster counts varied between these regions. 
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Table 2.  (A) PCR primers used including sequence of each primer, target organism or group, and 
DNA region amplified.  DNA regions are mitochondrial nuclear large subunit ribosomal RNA gene 
(16s rDNA).  (B) PCR primer testing on primers used, including detailed taxonomy of the species 
on which primers were tested.  Results of primer tests are (+) for positive amplification and (-) for 
negative amplification of the identified species. 
 
A) 
Primer       Sequence (5'-3')    Target Species/Group DNA Region 
Centro16sf      GGAACAGCAAACATGGAGAGTCCTGC Centrostephanus rodgersii      16s rDNA 
Centro16sr                CCGTCTTGCCATTCATGCCAGTCTCTA Centrostephanus rodgersii      16s rDNA 
Helio16sf1                TCAAAGGAAGTTACCG     Heliocidaris erythrogramma   16s rDNA 
Helio16sr1                CCCTTAAAAGCTTCTGCACCCT      Heliocidaris erythrogramma    16s rDNA 
B) 
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Table 3. Analysis of deviance for binomial GLM model fitted to presence/ absence of detections 
of sea urchin DNA in lobster faecal material for (A.) Centrostephanus rodgersii; and (B.) 
Heliocidaris erythrogramma at Elephant Rock Research Reserve 2009-2010. Signif. codes:  ‘***’ 
<0.001; ‘**’ <0.01; ‘*’ <0.05. 
A. Source Df Deviance Resid. Df 
Resid. 
Dev P(>|Chi|)   
 NULL   347 460.96   
 Year 1 28.69 346 432.27 8.5E-08 *** 
 Season 1 9.58 345 422.69 0.002 ** 
 Size 2 9.07 343 413.62 0.011 * 
 Habitat 1 0.24 342 413.39 0.628  
 Year*Season 1 42.41 341 370.98 7.4E-11 *** 
 Year*Size 2 6.36 339 364.62 0.042 * 
 Season*Size 2 6.84 337 357.78 0.033 * 
 Year*Habitat 1 1.57 336 356.2 0.210  
 Season*Habitat 1 1.57 335 354.64 0.210  
 Size*Habitat 2 0.77 333 353.87 0.682  
 Year*Season*Size 2 10.23 331 343.64 0.006 ** 
 Year*Season*Habitat 1 1.21 330 342.42 0.271  
 Year*Size*Habitat 2 0.69 328 341.73 0.708  
 Season*Size*Habitat 2 7.63 326 334.1 0.022 * 
  Year*Season*Size*Habitat 1 0.00 325 334.1 1.000   
        
B.  Source Df Deviance Resid. Df 
Resid. 
Dev P(>|Chi|)   
 NULL   347 455.6   
 Year 1 6.70 346 448.9 0.010 ** 
 Season 1 1.07 345 447.83 0.301  
 Size 2 9.95 343 437.88 0.007 ** 
 Habitat 1 0.84 342 437.04 0.359  
 Year*Season 1 5.69 341 431.36 0.017 * 
 Year*Size 2 1.14 339 430.21 0.565  
 Season*Size 2 0.30 337 429.91 0.861  
 Year*Habitat 1 0.05 336 429.86 0.820  
 Season*Habitat 1 0.05 335 429.82 0.828  
 Size*Habitat 2 9.26 333 420.55 0.010 ** 
 Year*Season*Size 2 3.09 331 417.47 0.214  
 Year*Season*Habitat 1 0.87 330 416.6 0.352  
 Year*Size*Habitat 2 5.38 328 411.22 0.068  
 Season*Size*Habitat 2 9.80 326 401.42 0.007 ** 
  Year*Season*Size*Habitat 1 0.28 325 401.14 0.598   
 98 
Table 4. Analysis of deviance for binomial GLM model fitted to presence/ absence data of positive 
DNA tests of lobster faecal material for (A.) Centrostephanus rodgersii; and (B.) Heliocidaris 
erythrogramma at North Bay Research Reserve 2009-2010.  Signif. codes:  ‘***’ <0.001; ‘**’ <0.01; 
‘*’ <0.05. 
        
A. Source Df Deviance Resid. Df 
Resid. 
Dev P(>|Chi|)   
 NULL   284 319.98   
 Year 1 3.91 283 316.07 0.048 * 
 Season 1 61.63 282 254.44 4.1E-15 *** 
 Size 2 0.06 280 254.39 0.973  
 Year*Season 1 7.87 279 246.52 0.005 ** 
 Year*Size 2 6.45 277 240.07 0.040 * 
 Season*Size 2 6.53 275 233.55 0.038 * 
  Year*Season*Size 2 3.21 273 230.34 0.201   
       
B.  Source Df Deviance Resid. Df 
Resid. 
Dev P(>|Chi|)   
 NULL   284 355.48   
 Year 1 9.11 283 346.38 0.003 ** 
 Season 1 56.38 282 289.99 6.0E-14 *** 
 Size 2 1.69 280 288.31 0.431  
 Year*Season 1 0.78 279 287.53 0.376  
 Year*Size 2 1.15 277 286.38 0.563  
 Season*Size 2 0.50 275 285.88 0.779  
  Year*Season*Size 2 0.79 273 285.09 0.673   
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Table 5. (A.) Detections of sea urchin DNA in (i.) benthic sediment and (ii.) faecal samples taken 
lobsters fed in the laboratory with ‘food parcels’ containing sediments from both research 
reserves. (B.) Detections of sea urchin DNA in (i.) sea urchin faecal material, (ii.) in lobster faecal 
material for lobsters fed with ‘food parcels’ containing urchin faecal material and (iii) fresh urchin 
gonad. Numbers in parentheses indicate the number of independent replicate samples. Note that 
due to mixed success in obtaining faecal material from lobsters fed artificial ‘food parcels’ under 
laboratory conditions (a minimum of 5 attempts were made per treatment), replicate faecal 
samples from these lobsters were variable and generally low. 
    
Samples detecting positive for the 
presence of sea urchin DNA 
     
    i). Sediment 
ii). Lobsters fed 
sediment 
A. Site         Habitat  Depth C.r H.e C.r  H.e 
        
 ERRR Kelp  10 m    80% (5)    20% (5)      0% (2)       0% (2) 
  Barrens 15 m 100% (5) 60% (5) 50% (2) 50% (2) 
  Barrens 20 m 100% (5) 80% (5)     no data no data 
  Barrens 25 m 100% (5) 60% (5)          no data no data 
 NBRR      Kelp 10 m 100% (5) 60% (5) 0% (2) 0% (2) 
  Incip. barrens 10 m 100% (5) 40% (5) 0% (1) 0% (1) 
                
        
  
    i). Sea urchin faeces 
ii). Lobsters fed 
sea urchin faeces 
iii) Lobsters fed 
sea urchin gonad 
B. Sea urchin material source   C.r H.e C.r  H.e C.r  H.e 
          
 Centrostephanus rodgersii  75% (4) 50% (4) 27% (11) 55% (11) 64%(14) 10%(10) 
 Heliocidaris erythrogramma  75% (4) 50% (4) 0% (1) 0% (1) 13%(8) 44%(9) 
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Chapter 6 
 
Utility of 454 sequencing technology in 
unravelling predator/prey relationships 
inside and outside marine protected areas  
 
 
 
 
 
 
“…So well we once were the jesters 
in your Kingdom by the sea 
and now we’re out to be the masters  
for to set our spirits free …” 
 
Janglin’ 
 
Edward Sharpe and the Magnetic Zeros 
 
Up From Below  
 
2009 
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Chapter 6: Utility of 454 sequencing technology in unravelling 
predator/prey relationships inside and outside marine protected 
areas 
 
6.1 Abstract 
 
Dietary samples of the southern rock lobster (Jasus edwardsii) were analysed using clone library 
and pyrosequencing/ 454 sequencing approaches with the goal of better understanding the role 
of the rock lobster on temperate reefs. A quick and non-lethal method was used to collect rock 
lobster dietary samples from both Marine Protected Areas (where lobsters are protected from 
fishing) as well as sites where rock lobster fishing pressure is high.  Although only a small number 
of individuals were analysed in this pilot scale study, the DNA dietary results provided valuable 
insights into the breadth of diet including feedback mechanisms for species which had previously 
only been considered as lobster predators, and confirmation of feeding on non-reef associated 
species. Differences between fished and non-fished sites provided insights into the diversity of 
prey species in addition to supporting broader observations on changes in the abundance of 
species within these regions. These results highlight the potential for 454 sequencing to be a 
valuable tool for understanding trophic linkages in marine systems. 
Key Words Jasus edwardsii, rock lobsters, prey detection, rock lobster diet, pyrosequencing, 454 
sequencing, clone library, prey inventory, ecological impacts of fishing, climate change 
 
6.2 Introduction 
 
The challenge of accurately describing the entire dietary inventory of a predator rests upon the 
ability to compile an exhaustive list of both frequently consumed items as well as all of the 
uncommon species which play a more minor role in the diet.   All predator/prey interactions are 
relevant from an ecological perspective and therefore the complete and accurate prey inventory 
is an extremely worthwhile goal to attain. Of particular importance are species which are 
important or key components of ecosystems and that are being altered through non-natural 
processes such as exploitation or anthropogenic climate change.  
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Rock lobsters are Australia’s most valuable fishery (Norman-Lόpez et al., 2014) and the southern 
rock lobster, (Jasus edwardsii) is a dominant predator on coastal reefs in south eastern Australia. 
The market value of this species is high for live animals and, although managed by a quota and 
size limits, the exploitable portion of the population is heavily harvested. Although considered as 
a key component of temperate reef ecosystems in SE Australia and New Zealand (Edgar and 
Barrett, 1999, Shears and Babcock, 2002) and in other marine environments (Lord and Dalvano, 
2015, Haarr and Rochette, 2012, Hagen and Mann, 1992, Perez-Barros et al., 2010, Follesa et al., 
2009), defining the diet of lobsters has been problematic (Mayfield et al., 2000a).  The traditional 
lethal gut content analysis sampling strategy has the potential to encounter unidentifiable 
material which has been mechanically or chemically degraded by the predator  during the 
digestion process (Hyslop, 1980).  The ability to accurately decipher this type of complex and 
degraded material is one of the main strengths of the laboratory-based methods of dietary 
analysis such as ELISA, protein chemistry and DNA.    
 
DNA is a relatively stable molecule comprised of a sequence of nucleotides which can survive 
many degrading inputs, making DNA ideally suited to dietary forensics.  At a molecular level, the 
partially digested prey material can be sufficiently robust to provide DNA for downstream analysis 
such as amplification by polymerase chain reaction (PCR) (Casper et al., 2007a), cloning using 
bacterial plasmids and vectors (Deagle et al., 2005a) and, more recently, 454/pyrosequencing 
(Deagle et al., 2010, Brown et al., 2012).  The analysis of any dietary samples containing degraded 
DNA has numerous parallels with other forensic applications as the constraints on the DNA 
templates are similar (Symondson, 2002).  In theory, any complex sample with mixed DNA 
templates can have individual sequences separated by molecular methods and those sequences 
can be accurately identified (Dorigo et al., 2002, Bowman and McCuaig, 2003).   
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For the broad screening approach outlined in this chapter, samples were collected from animals 
in the wild with a completely unknown diet necessitating a ‘library’/inventory approach to screen 
prey diversity using both a clone library and a 454/pyrosequencing platform.  These techniques 
are well known from microbial ecology and have been used extensively to characterize and 
describe bacterial communities (Bowman and McCuaig, 2003, Brown and Bowman, 2001, Kelly 
and Chistoserdov, 2001) and have occasionally been used to screen prey diversity (Deagle et al., 
2005a, Tiede et al., 2016).  In the clone library approach, the dietary sample DNA is first amplified 
by PCR using universal primers. These primers are designed to amplify DNA from all eukaryotic 
organisms (Kasper et al., 2004) and the resulting PCR products are then ligated into plasmids and 
inserted into host E.coli bacterial cells to construct a clone library of the full sample diversity 
(Hughes et al., 2001, Bowman and McCuaig, 2003).  The host bacterial cells are then grown on 
agar plates and harvested after reaching a sufficient size. The resulting bacterial plasmids are 
finally isolated and sequenced and the sequences compared to those in the National Center for 
Biotechnology Information (GenBank) nucleotide database using the BLAST search function and 
the Barcode of Life (BOL) using the Identify Specimen utility. 
Pyrosequencing technology is a relatively new DNA sequencing method based on a principle of 
sequencing by synthesis (Gharizadeh et al., 2006). This DNA sequencing technique begins with a 
template strand of DNA and employs four enzymatic reactions to synthesize the complimentary 
DNA strand (Diggle and Clarke, 2004).   As the DNA synthesis proceeds, each of the enzymatic 
reactions incorporates nucleotides, producing a sequence peak signal, and much like the qPCR 
platform, the reactions are bioluminometric and tracked in real time.   Theoretically every single 
strand of DNA in the sample is sequenced individually and therefore the entire DNA composition 
of the sample is known, generating a large volume of individual DNA sequence data.  This is 
particularly useful for the situation where mixed DNA templates are present, as in the case of 
environmental samples, complex microbial communities (Roesch et al., 2007, Callaway et al., 
2010) and dietary samples (Deagle et al., 2009, Deagle et al., 2010, Pegard et al., 2009).   Due to 
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the powerful nature of pyrosequencing and the demand for the application, the technology has 
rapidly become more accessible and the data processing considerably more efficient.  The 
method has proven highly suitable for the detection of single nucleotide polymorphism analysis 
(Silvar et al., 2011) and sequencing of short stretches of DNA, which make it ideal for use in 
molecular prey detection assays. Although the pyrosequencing procedure is relatively 
straightforward, the experimental design and primer development are important considerations 
when considering a pyrosequencing ‘run’. 
 
To minimize the risks associated with using a new technology and to determine the suitability of 
the method for rock lobsters, the design of the rock lobster prey detection pyrosequencing 
experiment outlined in this chapter was relatively simple.   Several rock lobster dietary samples 
were selected from animals caught across a range of locations including the Maria Island Marine 
Protected Area (MIMPA), a reserve site considered to be un-fished, and several locations within 
the same region which are subjected to considerable commercial and recreational fishing 
pressure.   The population density and sizes of rock lobsters at these fished locations varies 
considerably with the MIMPA (Edgar and Barrett, 1999, Barrett et al., 2003).   The legal 
commercial and recreational size limit for male and female rock lobsters in Tasmania is 110 mm 
and 105 mm carapace length (CL) respectively and at the fished locations very few animals were 
found at this size or greater.   At the MIMPA, by contrast, large rock lobsters (greater than 
140mm CL) dominate the catch with relatively few lobsters at or below the legal size.  In this 
chapter I provide insights into the merit of DNA dietary analysis to be used to understand trophic 
linkages and to demonstrate the potential to develop relatively comprehensive lists of dietary 
items for lobsters. In doing so, this chapter demonstrates the proof of concept of DNA dietary 
studies to provide substantial new data in the role played by rock lobsters on temperate reefs, 
the ecosystem level impacts of fishing, and the shifts in diet due to climate change and other 
environmental factors. 
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6.3 Materials and Methods 
Sample collection 
 
Specimens of the southern rock lobster (Jasus edwardsii) were collected from several locations 
around Tasmania including the Maria Island Marine Protected Area (MIMPA) at (42.58 S, 148.06 
E), the North Bay Research Reserve (42.84 °S, 147.92 °E) and around the fishing grounds of 
Tasman Island (43.24 °S, 148.02 °E), Bicheno (41.87 °S, 148.30 E), and Recherche Bay (43.55 °S, 
146.89 °E), Tasmania.  At all locations, lobsters were captured using traps baited with jack 
mackerel (Trachurus declivis)/ Pacific mackerel (Scomber australasicus) and couta (Thyrsites atun) 
heads which were deployed on rocky reef bottom or, occasionally, on sand immediately adjacent 
to rocky reef habitat in depths of ca. 3-70 m.  Lobsters were also collected at Recherche Bay 
SCUBA diving ensuring an even distribution of genders and a wide range of sizes.   
 
Lobster faecal samples used in this experiment were collected from the ‘non-fished’ locations at 
the MIMPA in 2005 and 2006 and at North Bay Marine Protected Area in 2010.  At ‘fished’ 
locations (Tasman Island, Bicheno and Recherche Bay) lobster faecal samples were collected in 
August 2005. 
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Figure 1. Map showing collection sites in eastern Tasmania where rock lobster dietary samples 
described were collected. Collection sites at Bicheno, Tasman Island and Recherche Bay are 
considered heavily fished locations and the collection sites at Maria Island Marine Protected Area 
and North Bay Research Reserve are classed as unfished locations. 
 
Lobster faeces were collected using a Pipetteman 100-1000 L pipette with disposable tips as 
described previously (Redd et al., 2008).  For each faecal sample a new sterile tip was used to 
prevent contamination between samples. The tip was inserted directly into the anal pore of the 
lobster to remove faeces from the hindgut region.  The collected material was immediately 
pipetted into a 1.5 mL micro centrifuge tube containing 500 L of 70% ethanol. Ethanol has been 
shown to be an effective preservative for field samples and does not require freezing or any 
special handling (Jarman et al., 2004).  The volume collected varied from approximately 10 L to 
over 1 mL depending on the size of lobster and fullness of hindgut at the time of sampling.  Faecal 
samples were collected and stored in 1.5 mL micro centrifuge tubes with 500 L 70% ethanol. 
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Ethanol was removed before DNA extraction by centrifuging at 10000 g for 30 s.  Excess ethanol 
was poured off and the sample tubes centrifuged again.   
DNA extraction 
 
The Ultra Clean™ Fecal DNA Kit (Mo Bio Laboratories, Inc.) was used to perform DNA extractions 
on all rock lobster faecal samples following the manufacturer’s protocols with the supplied 
proprietary buffers and reagents.  All DNA extracted using this kit was ready for PCR and the 
manufacturer’s protocol appeared to remove any potential contaminants and PCR inhibitors.  
 
PCR Amplifications 
 
For cloning, DNA was amplified using universal primers which target a region of the 16s rRNA 
(Kasper et al., 2004). PCR thermal cycling conditions for LRN and LRJ primers (Table 1) were: 
denaturation and DNA polymerase activation at 95 C for 10 min followed by 10 initial 
amplification cycles: 94 C for 30 s, annealing at 52 C for 30 s, 72 C for 1 min of the 35 cycles.  
The final extension step was 72 C for 5 min and the reaction was held at 12 C until removed 
from the MJ Research PTC-2001 Thermal Cycler. 
Prior to cloning, PCR products were visualized by electrophoresis on 1.5% agarose gels stained 
with Gel Red™ (Biotium, Hayward, California) with 15 L Gel Red™ per 100 mL agarose.  Each gel 
was loaded with 5 L of PCR product and 2 L of loading dye.  A 100 bp ladder was used on every 
gel to determine fragment size and to confirm the results of each PCR.  All agarose gels ran for 20 
min at 120 V.   
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Table 1.  Universal PCR primers used for cloning library including sequence of each primer, target 
organism or group, and DNA region amplified.  DNA regions are mitochondrial nuclear large 
subunit ribosomal RNA gene (16s rDNA). 
 
Primer        Sequence (5'-3')     Target Species/Group            DNA Region 
LRN-13398      CGC CTG TTT ATC AAA AAC AT  Universal   16s rDNA 
LRJ-12887             CCG GTC TGA ACT CAG ATC ACG T             Universal  16s rDNA 
 
Clone library  
 
PCR products from rock lobster faecal samples were cloned into vector pCR® 4-TOPO® and used to 
transform One Shot® TOP 10 Chemically Competent Escherichia coli bacterial cells following the 
manufacturer’s instructions.  E. coli cells were spread onto LB agar plates prepared with 20 L of 
X-gal (5-bromo-4-chloro-3-indolyl- beta-D-galactopyranoside) and 50 L of transformed bacteria 
according to manufacturer’s instructions.  After 24 h of culture of LB agar plates at 37 °C,      
transformed colonies/clones were selected and picked with a 10 L pipette tip and put into 2 ml 
of sterile LB medium in 10 ml tubes.  These were incubated overnight at 37 °C on a shaking 
incubator (Bioline) and the bacteria were centrifuged and any remaining LB media was removed. 
 
Plasmids were isolated with the Ultra Clean™ 6 Minute Mini Plasmid Prep Kit (Mo Bio 
Laboratories, Inc.) and stored in 10 mM Tris prior to sequencing.  All plasmid sequencing was 
conducted with an Applied Biosystems 3730XL DNA Analyzer under BigDyeTM Terminator cycling 
conditions. 
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DNA sequences were initially viewed with SequencherTM and all plasmid vector sequences were 
removed with this program. Sequences were then compared to those in the National Center for 
Biotechnology Information (GenBank) nucleotide database using the BLAST search function and 
the Barcode of Life Datasystems (BOLD), using the Identify Specimen utility. 
 
454/Pyrosequencing trials 
 
For 454/pyrosequencing, DNA was amplified using Multiplex Identifier (MID)-tagged universal 
primers (Table 2) which were designed to target a region of the 16s rRNA of marine invertebrates 
with the exclusion of the predator (Jasus edwardii).  Real-time PCR reactions were run for 50 
cycles in a RotorGene RG 3000 (Corbett Research) with an annealing temperature at 54 C.  The 
components of the 14 µL PCRs were as follows: 10 µL Bioline SensiFAST SYBR No-Rox mix 
(Quantace, Bioline), 1.25 µL each primer (Macrogen), 1.5 µL 50mM MgCl2 (Quantace, Bioline), 
and 2µL (~ 50 ng) template DNA.  The PCR primer sets used in this experiment are listed in Table 2 
and all MID-tagged primers were obtained from Macrogen Custom Oligonucleotide service 
(Macrogen) in a dry condition and were diluted to 10 μM for use in setting up PCR reactions.   
 
All (MID) amplified DNA fragments were quantified on a Nanodrop 8000 at 260 nm to prepare the 
samples for the GS FLX Titanium 454 sequencing platform.  All equimolar, amplified DNA 
fragment samples were then pooled and sequenced uni-directionally using the GS FLX Titanium 
chemistry on a Genome Sequencer FLX Instrument (Roche). 
 
Approximately 2000-3000 sequence reads were captured from each sample listed in Table 3 and 
each set of sequences was initially quality checked to remove noise as described in (Quince et al., 
2011, Huse et al., 2007) and (Quince et al., 2009).  Sequences were then converted to FASTA 
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format and the primer and MID tags removed before being clustered into operational taxonomic 
units (OTUs).  Each OTU was identified to the nearest possible prey species by individual Basic 
Local Alignment Search Tool (BLAST) searches of the NCBI GenBank Nucleotide database (Blaxter 
et al., 2005).  All OTU identifications were made when matches were greater than 90% to the 
sequence in the GenBank Nucleotide database.  Occasionally there were several species which 
matched the OTU query, and then the species which was known to occur in the local area was 
chosen over species from other ocean basins/continents (Blaxter et al., 2005). 
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Table 2.  Multiplex Identifier (MID)-tagged universal primers used including sequence of each 
primer.  DNA regions are mitochondrial nuclear large subunit ribosomal RNA gene (16s rDNA). 
 
Primer       Adaptor Sequence (5'-3')  MID (5'-3')   Primer (5'-3') 
Uni_16S1F_1 CCATCTCATCCCTGCGTGTCTCCGACTCAG ACGAGTGCGT GGACGAGAAGACCCT 
Uni_16S2R_1 CCTATCCCCTGTGTGCCTTGGCAGTCTCAG ACGAGTGCGT CGCTGTTATCCCTATGGTAACT 
Uni_16S1F_2 CCATCTCATCCCTGCGTGTCTCCGACTCAG ACGCTCGACA GGACGAGAAGACCCT 
Uni_16S2R_2 CCATCTCATCCCTGCGTGTCTCCGACTCAG ACGCTCGACA  CGCTGTTATCCCTATGGTAACT 
Uni_16S1F_6 CCATCTCATCCCTGCGTGTCTCCGACTCAG ATATCGCGAG GGACGAGAAGACCCT 
Uni_16S1R_6 CCATCTCATCCCTGCGTGTCTCCGACTCAG ATATCGCGAG CGCTGTTATCCCTATGGTAACT 
Uni_16S1F_7 CCATCTCATCCCTGCGTGTCTCCGACTCAG CGTGTCTCTA GGACGAGAAGACCCT 
Uni_16S1R_7 CCATCTCATCCCTGCGTGTCTCCGACTCAG CGTGTCTCTA  CGCTGTTATCCCTATGGTAACT 
Uni_16S1F_8 CCATCTCATCCCTGCGTGTCTCCGACTCAG CTCGCGTGTC GGACGAGAAGACCCT 
Uni_16S1R_8 CCATCTCATCCCTGCGTGTCTCCGACTCAG CTCGCGTGTC CGCTGTTATCCCTATGGTAACT 
Uni_16S1F_10 CCATCTCATCCCTGCGTGTCTCCGACTCAG TGATACGTCT GGACGAGAAGACCCT 
Uni_16S1R_10 CCATCTCATCCCTGCGTGTCTCCGACTCAG TGATACGTCT CGCTGTTATCCCTATGGTAACT 
Uni_16S1F_11 CCATCTCATCCCTGCGTGTCTCCGACTCAG CATAGTAGTG GGACGAGAAGACCCT 
Uni_16S1R_11 CCATCTCATCCCTGCGTGTCTCCGACTCAG CATAGTAGTG CGCTGTTATCCCTATGGTAACT 
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Table 3.  Capture locations and fishing status/condition of each location, showing sizes and sexes 
of rock lobsters sampled and dates of sampling for dietary analysis and prey diversity screening 
by molecular methods experiment.  Small sized lobsters range from 85mm CL to 109mm CL, and 
large sized lobsters range from 110mm CL to 200mm CL. 
 
Capture location  Fishing status  Size of lobsters  Sex of lobsters   Capture  Date Method 
Maria Island  Marine Protected Area Large n=2 Female  June 2006 Trap 
Maria Island Marine Protected Area Large  n=3 Male  June 2006 Trap  
Maria Island  Marine Protected Area Large  n=3 Male  April 2006 Trap  
Recherche Bay Fished location  Small n=3 Male/Female September 2005 Dive  
Maria Island Marine Protected Area Large n=3 Female  April 2006 Trap  
Tasman Island Fished location  Small  n=5 Male/Female August 2005 Trap  
North Bay Marine Protected Area  Large n=4 Male/Female June 2010 Trap  
    
 
 
6.4 Results 
 
Clone libraries were generated from faecal samples from 5 rock lobsters captured at a fished 
location (adjacent to Tasman Island) in SE Tasmania.  The combined sample yielded 5 OTUs  
(Table 4).  These OTUs corresponded to a range of prey species and 11.8% of the clones 
sequenced contained DNA from rock lobster (Jasus edwarsii).   
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All (MID) amplified DNA fragments which were sequenced on the GS FLX Titanium 454 
sequencing platform clustered into 340 OTUs.  These OTUs corresponded to a broad range of 
marine invertebrate and chordate prey species as listed in Tables 5-11.   
 
Table 4.  Clone library results from rock lobster (Jasus edwarsii) dietary samples collected at the 
fished location around Tasman Island, Tasmania in August 2005.  All data presented is based upon 
PCR amplifications of the mitochondrial nuclear large subunit ribosomal RNA gene (16s rDNA) and 
molecular cloning of separate amplicons of mixed DNA dietary sample templates and includes the 
percentage of the clone library which was attributed to each of the species as well as the percent 
match for that sequence using the NCBI Blast Nucleotide utility. 
 Prey species               Percentage of clones                          Sequence match 
Octopus maorum          73.5%    100% 
Jasus edwardsii           11.8%    100% 
Dromia dehaani           5.9%     94% 
Florometra serratissima (Crinoidea)       5.9%      86% 
Uncultured archaeon (Archaea)         2.9%      91% 
 
 
Table 5. Pyrosequencing library results from rock lobster (Jasus edwarsii) dietary samples 
collected from two large female rock lobsters captured at Maria Island Marine Protected Area 
during winter 2006. Showing composition of prey in these dietary samples by relative number of 
sequences in each sample (%) and the best taxonomic resolution of each prey item (>97% 
sequence match in GenBank).  
Common name           Group     Species                      Percentage  
Limpet Mollusc Montfortula rugosa 0.38% 
Red algae Seaweed Rhodophyta sp. 0.77% 
Bacterial pathogen Bacteria Spiroplasma sp.  3.08% 
Bait Fish Scomber australasicus 15.77% 
Sponge Sponge Callyspongia fallax 32.88% 
Bait Fish Thyrsites atun 47.12% 
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Table 6. Pyrosequencing library results from rock lobster (Jasus edwarsii) dietary samples 
collected from three large male rock lobsters captured at Maria Island Marine Protected Area 
during winter 2006. Showing composition of prey in these dietary samples by relative number of 
sequences in each sample (%) and the best taxonomic resolution of each prey item (>97% 
sequence match in GenBank).  
Common name           Group     Species                       Percentage 
Marine diatom Diatom Navicula sp 0.12% 
Marine worm Arenicolidae Abarenicola affinis 0.24% 
Octopus Octopus Adelieledone piatkowski 0.24% 
Comb-finned squid Squid Chtenopteryx sicula 0.36% 
Marine worm Microphallidae Maritrema eroliae 0.61% 
Bait Fish Thyrsites atun 0.61% 
Cillate  Protozoa Tetrahymena pyriformis 0.73% 
Squid Squid Sepia sp. 0.73% 
Bait Fish Scomber australasicus 0.73% 
Maori octopus Octopus Octopus maorum 0.97% 
Octopus Octopus Octopus sp. 1.70% 
Little weed whiting Fish Neoodax balteatus  1.94% 
Wheel shell Snail Zethalia zelandica 2.18% 
Marine worm Steganodermatidae  Lepidophyllum steenstrupi  3.64% 
Red algae Seaweed Rhodophyta  4.12% 
Common urchin Urchin Heliocidaris erythrogramma 13.33% 
Top shell snail Snail Prothalotia lehmanni 29.58% 
Top snail Snail Family Trochidae 38.18% 
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Table 7. Pyrosequencing library results from rock lobster (Jasus edwardsii) dietary samples 
collected from three large male rock lobsters captured at Maria Island Marine Protected Area 
during autumn 2006. Showing composition of prey in these dietary samples by relative number of 
sequences in each sample (%) and the best taxonomic resolution of each prey item (>97% 
sequence match in GenBank).  
Common name           Group  Species       Percentage  
Scorpion fish Fish Helicolenus sp. 0.08% 
Red algae Seaweed Rhodophyta sp. 0.23% 
Heart urchin Urchin Echinocardium cordatum 0.23% 
Conger eel Fish Conger verreauxi 0.38% 
Sponge Sponge Aplysina fulva (Oscarella sp.) 0.41% 
Maori octopus Octopus Octopus maorum 1.55% 
Purple wrasse Fish Notolabrus fucicola 2.41% 
Bait Fish Thyrsites atun 2.49% 
Scarlet wrasse Fish Pseudolabrus miles 2.53% 
Tooth brush leatherjacket Fish Acanthaluteres vittiger  2.56% 
Swell shark Shark Family: Scyliorhinidae 4.64% 
Bait Fish Trachurus declivis 8.93% 
Little weed whiting Fish Neoodax balteatus 73.58% 
 
 
Table 8.  Pyrosequencing library results from rock lobster (Jasus edwardsii) dietary samples 
collected from three small rock lobsters captured at fished locations in Recherche Bay during 
spring 2005. Showing composition of prey in these dietary samples by relative number of 
sequences in each sample (%) and the best taxonomic resolution of each prey item (>97% 
sequence match in GenBank).  
Common name           Group  Species     Percentage  
Feather star Crinoidea Antedon sp 0.05% 
Brittle star Ophiuridae Ophiuridae sp 0.05% 
Robust small mouth Fish Nansenia ardesiaca 0.10% 
Strange Pathogen  Bacteria Lagenidium sp 0.10% 
Checkered top shell Snail Austrocochlea odontis 0.15% 
Purple Wrasse Fish Notolabrus fucicola 0.45% 
Blue throated wrasse Fish Notolabrus tetricus 0.65% 
Bait Fish Trachurus declivis   0.95% 
Common urchin Urchin Heliocidaris erythrogramma 1.95% 
Inflated urchin Urchin Holopneustes inflatus 9.29% 
Maori octopus Octopus Octopus maorum 9.99% 
Sponge Sponge Sponge 76.27% 
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Table 9.  Pyrosequencing library results from rock lobster (Jasus edwardsii) dietary samples 
collected from three large female rock lobsters captured at Maria Island Marine Protected Area 
during autumn 2006. Showing composition of prey in these dietary samples by relative number of 
sequences in each sample (%) and the best taxonomic resolution of each prey item (>97% 
sequence match in GenBank).  
Common name           Group  Species     Percentage  
Maori octopus Octopus Octopus maorum 0.05% 
Marine diatom Diatom Cylindrotheca fusiformis 0.09% 
Blue throated wrasse Fish Notolabrus tetricus 0.09% 
Purple Wrasse Fish Notolabrus fucicola 0.11% 
Seastar Starfish Meridiastra oriens 0.14% 
11 armed seastar Starfish Coscinasterias muricata 0.27% 
Common triplefin Fish Forsterygion lapillum 0.55% 
Heart urchin Urchin Echinocardium cordatum 1.07% 
Leatherjacket Fish Acanthaluteres vittiger 1.25% 
Sponge Sponge Aplysina fulva (Oscarella sp.) 1.68% 
Conger Eel Fish Conger verreauxi 2.82% 
Swell Shark Shark Family: Scyliorhinidae 4.73% 
Bait Fish Sardinops sagax  7.49% 
Bait Fish Trachurus declivis  17.61% 
Little weed whiting Fish Neoodax balteatus 27.94% 
Bait Fish Thyrsites atun 34.11% 
 
 
Table 10. Pyrosequencing library results from rock lobster (Jasus edwardsii) dietary samples 
collected from five small rock lobsters captured at fished locations around Tasman Island during 
winter 2005. Showing composition of prey in these dietary samples by relative number of 
sequences in each sample (%) and the best taxonomic resolution of each prey item (>97% 
sequence match in GenBank).  
Common name           Group  Species     Percentage  
Bearded rock cod Fish Pseudophycis barbata 0.27% 
Bait Fish Thyrsites atun 0.38% 
Swell Shark Shark Family: Scyliorhinidae 0.43% 
Scorpion fish Fish Helicolenus sp. 0.59% 
Red algae Seaweed Rhodophyta 1.34% 
Purple Wrasse Fish Notolabrus fucicola  6.51% 
Maori octopus Octopus Octopus maorum 90.48% 
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Table 11. Pyrosequencing library results from rock lobster (Jasus edwardsii) dietary samples 
collected from four large rock lobsters captured at a temporary marine research reserve 
(declared 24 months prior to the sample being taken) at North Bay during winter 2010. Showing 
composition of prey in these dietary samples by relative number of sequences in each sample (%) 
and the best taxonomic resolution of each prey item (>97% sequence match in GenBank).  
Common name           Group  Species     Percentage  
Horseshoe leatherjacket Fish Meuschenia hippocrepis 0.11% 
Swell shark Shark Family: Scyliorhinidae 0.38% 
Conger eel Fish Conger verreauxi 0.54% 
Red algae Seaweed Rhodophyta sp. 0.70% 
Sponge Sponge Agelas schmidti 2.05% 
Little weed whiting Fish Neoodax balteatus 5.44% 
Spiny-tailed leatherjacket Fish Acanthaluteres brownii 5.93% 
Bait Fish Trachurus declivis  9.48% 
Bait Fish Thyrsites atun 12.66% 
Butterfly perch Fish Caesioperca lepidoptera 16.86% 
Common urchin Urchin Heliocidaris erythrogramma 45.85% 
 
 
The large number of species and the broad taxonomic categories supports the claims that rock 
lobsters are opportunistic scavengers. As the dietary composition within a particular lobster, or a 
small group of lobsters within a site, often reflects this opportunism, the occurrence of prey items 
across different sites and different time periods provides stronger insights into dietary 
preferences.  As the taxonomic resolution of algae and sponges was low, these two taxonomic 
groups have been removed from this summary although it is noteworthy that they both occurred 
in 5 of the 7 groups analysed. Of the 35 species recorded, 25 (71%) were recorded only once. The 
most frequently occurring species - little weed whiting (Neoodax balteatus), swell shark (Family: 
Scyliorhinidae but most likely Cephalocylium laticeps), purple wrasse (Notolabrus fucicola) and 
Maori octopus (Octopus maorum) occurred on 4 occasions and the conger eel (Conger verreauxi) 
and common urchin (Heliocidaris erythrogramma) occurred on 3 occasions. 
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Although low in sample sizes and reflecting different sizes of lobsters there are a number of 
interesting observations. Lobsters in the MIMPA tended to have a broader diet than in fished 
regions and cephalopods and molluscs tended to be more consistent in the diets of lobsters in the 
reserve. While echindoderms and teleosts occurred in approximately similar numbers in both 
fished and protected sites, the species encountered were different with only one in seven urchin 
species and five of thirteen fish species being common to fished and unfished regions (Table 12). 
Table 12. Comparison of the total number of species found in lobsters sampled in the Maria 
Island Marine Protected Area (MIMPA; n = 11) and in Fished locations (n=12). The taxonomic 
resolution for algae and sponge was low and thus these groups have been aggregated to one per 
group. 
Group     Total MIMPA Fished Percentage Common 
Algae 1 1 1 100% 
Annelids 3 3 0 0% 
Cephalopods 5 5 1 20% 
Chondrichthyans 1 1 1 100% 
Echinoderms 7 4 4 14% 
Molluscs 5 4 1 20% 
Sponge 1 1 1 100% 
Teleosts 13 8 10 38% 
Total 36 27 19 
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Table 13. Comparison of the total number of species found in the diet of rock lobsters sampled 
across all locations. Marine Protected Areas include Maria Island, established more than ten years 
at the time of sampling and North Bay, established less than two years at the time of sample.  
Fished locations include Tasman Island and Recherche. 
Species 
Maria 
Island 
Females 
(Autumn 2006) 
Maria 
Island  
Males 
(Autumn 2006) 
Maria 
Island 
Males  
(Winter 2006) 
Maria 
Island 
Females 
(Winter 2006) 
North 
Bay  
(Winter 2010) 
Tasman 
Island   
(Winter 2005) 
Recherche  
(Spring 2005) 
Common urchin   13.33%  45.85%  1.95% 
Heart urchin 1.07% 0.23%      
Inflated urchin       9.29% 
Seastars 0.41%       
Feather star       0.05% 
Brittle star       0.05% 
Maori octopus 0.05% 1.55% 0.97%   90.48% 9.99% 
Octopus   1.94%     
Wheel shell   2.18%     
Top shell snail   29.58%    0.15% 
Top snail   38.18%     
Limpet    0.38%    
Squid   1.09%     
Sponge 1.68% 0.41%  32.88% 2.05%  76.27% 
Red algae  0.23% 4.12% 0.77% 0.70% 1.34%  
Marine diatom 0.09%  0.12%     
Marine worms   4.49%     
Bacteria    3.08%    
Swell shark 4.73% 4.64%   0.38% 0.43%  
Conger eel 2.82% 0.38%   0.54%   
Leatherjackets 1.25% 2.56%   6.04%   
Whitings 27.94% 73.58% 1.94%  5.44%   
Wrasse 0.20% 4.94%    6.51% 1.10% 
Butterfly perch 
fish 
    16.86%   
Scorpion fish  0.08%    0.59%  
Triplefin fish 0.55%       
Bearded rock 
cod 
     0.27%  
Bait species 59.21% 11.42% 1.34% 62.89% 22.14% 0.38% 0.95% 
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Differences are also apparent in the percentage contribution to the diet in both fished and 
unfished areas (Figure 1 and Table 13). Although a greater variety of cephalopods were found in 
the faecal material of lobsters in the MIMPA, cephalopods made a much greater contribution to 
the diet in fished regions. The species of echinoderms that occurred in the faecal material in the 
fished regions also made a greater contribution to the diet. In the MIMPA, the broader variety of 
molluscs also reflected a higher contribution to the diet. Teleosts also made a greater 
contribution to the diet of lobsters in the MIMPA. Algae, annelids and chrondricthyans were a 
minor source of diet in both groups and sponges were a consistent high portion of the diet across 
both groups. 
  
Figure 1: Mean percentage contribution to the diet of the major groups in MIMPA and Fished 
sites. Error bars are standard errors. 
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 6.5 Discussion 
 
Dietary studies on top predators are key in unravelling their role in the ecosystem, and the 
emergence of DNA-based approaches opens the door to a more broad study of trophic 
relationships, particularly on animals with high conservation value or in areas where lethal 
sampling is unsuitable such as in Marine Protected Areas (Casper et al., 2007b, Sheppard and 
Harwood, 2005).  Both the clone library and the 454 pyrosequencing techniques yielded valuable 
information on lobster diet.   
The bacterial colonies screened from rock lobster faecal samples using the clone libraries did 
provide several new prey identifications including the temperate Maori octopus (Octopus 
maorum), a species of crab from the southern hemisphere which is known to occur in Tasmania 
(Dromia dehaani), a temperate species of Criniodea (Florometra serratissima) and an uncultured 
Archaea.  It is important to note that the sequence matches for Dromia dehaani and Florometra 
serratissima were not exact which suggests that the actual prey species ingested by the rock 
lobster are presently un-sequenced and not in any of the genetics databases.  The Archaeon 
sequence which was detected in this clone library is likely to be an endosymbiont which resides in 
the gut of the rock lobster as members of this diverse taxonomic group are known to fill this 
niche (Lange et al., 2005).  The sequences from rock lobster may be a confirmation of 
cannibalistic behaviour which has been previously reported in this species (Mills et al., 2006) or 
the ingestion of the moulted exoskeleton of a conspecific, but it was not possible to determine 
with this clone library experiment if the rock lobster DNA is from a predation event or DNA from 
the predator itself. Understanding the role of cannibalism can be important as it can be a food 
source or a feedback mechanism for regulating population size. 
The pyrosequencing data also added new dietary information.  There were several notable 
parallels to recent stable isotope work on rock lobsters, with the inclusion of novel rock lobster 
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dietary items such as gastropods (Prothalotia lehmanni, Zethalia zelandica and Austrocochlea 
odontis), filter feeding invertebrates (Sponges) and red algae (Guest et al., 2009). 
It is important to note that the adult phase of some species in these inventories is unlikely to be 
predated on by rock lobsters, particularly larger fish such as the swell shark, and octopus. 
However, it is possible that the lobsters predate the egg cases or newly emergent young of the 
oviparous swell shark.   Similarly the identification of Octopus maorum in both the clone library 
and pyrosequencing analysis is noteworthy as this species  has never previously been 
documented in the diet of rock lobsters, and the commonly held belief is that Octopus spp. are 
predators on rock lobsters (Harrington et al., 2006).   Octopus are major predators of lobsters in 
traps and as a result fishers have created a fishery for Octopus spp. as a byproduct (Brock and 
Ward, 2004, Groeneveld et al., 2006).  Results from this pilot scale trial suggest that there is a 
feedback mechanism whereby lobsters also predate on octopus. Whether this is on juveniles, egg 
masses or naturally killed octopus is uncertain.  The soft bodied nature of all Octopus spp. would 
render their tissues unidentifiable in any previous lobster diet study and this is the most likely 
explanation for their previous absence in the literature.   
It is particularly interesting that over all of the samples listed in Tables 5-11 fish species are the 
most diverse group of prey. Many of these fish species are active during the day and exhibit 
resting behaviour at night. In contrast, lobsters are generally active during the night with their 
foraging period overlapping the time when the fish species would be expected to be most 
vulnerable. However, the fish species identified varied between fished and unfished regions. For 
example, the wrasses (Notolabrus tetricus and N. fucicola) are the basis of a commercial fishery 
and there was a lower frequency of these wrasse species in lobster diets in fished regions 
indicating a link between lobster diet and the effects of fishing on ecosystem dynamics. This is 
further demonstrated by the larger percentage of urchins in the diet of lobsters outside the 
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reserve as studies within the MIMPA have shown that urchins have declined in abundance as 
lobsters have increased (Barrett et al., 2003). 
There has also been considerable speculation about the role of rock lobsters and the foraging 
behaviour of these predators away from dense reef areas (MacDiarmid et al., 1991, Langlois et al., 
2006).  Within the samples collected inside MIMPA there were several prey items which are 
associated with soft sediment (Echinocardium cordatum) and seagrass habitats (Neoodax 
balteatus) which would indicate that either the larger lobsters were moving off the reef, as 
reported in New Zealand (Langlois et al., 2005) or that with the increased population of lobsters 
in the MIMPA, broader foraging regions are required to obtain sufficient food.  
Molluscs were a higher percentage of the diet in the MIMPA than fished regions and these 
consisted of several species of Trochidae gastropods (Prothalotia lehmanni, Zethalia zelandica 
and Austrocochlea odontis). This is consistent with previous work in Tasmania and further 
highlights the interaction between these trophic levels (Guest et al., 2009). 
From an ecological perspective, it has been reported that lobsters prey on species from higher 
trophic levels inside Marine Reserve locations when compared to heavily fished sites (Guest et al., 
2009).  Although only a small number of lobsters were sampled (n=33), the broad range of 
species and taxonomic groups recorded in the faecal material would suggest that these lobsters 
were opportunistic predators and scavengers. If further sampling confirms these results then it is 
unlikely that lobsters would provide top-down control of specific species through predation, 
rather they are more likely to minimise the potential for any particular species to dominate a reef 
region. 
In marine ecosystems the differences between predator abundances in fished and unfished 
locations can be attributed to a wide range of factors including the ecology of the area as well as 
the behaviour of prey across location (Pande et al., 2008, Babcock et al., 2010b, Micheli et al., 
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2004). This data suggests that both seasonal, gender and site differences in diet can be 
inventoried and compared using a molecular approach. The results show that sea urchins of 
several species are more common in the diet of lobsters in Marine Protected Areas while octopus 
species appear to be more prevalent in the diets of lobsters in fished locations.  Conversely the 
detection of bait in the diet of lobsters caught in Marine Protected areas would suggest that 
greater competition exists for prey items, resulting in preferential consumption of supplemental 
food resources available in baited lobster traps.   It also appears that there is greater prey 
diversity present in the Marine Protected Area samples than in lobsters foraging in fished 
locations.  This may be due in part to the greater density of rock lobsters in Marine Protected 
areas which necessitates a more broad foraging strategy in order to consume sufficient resources 
for daily metabolic requirements.  By comparison the lobsters foraging in fished locations appear 
to be targeting fewer species of prey- perhaps suggesting that the feeding behavior is directed at 
prey resources in greater abundance at these sites.  Several authors have suggested that species 
diversity increases in Marine Protected Areas (Halpern and Warner, 2002, Lester et al., 2009, 
Guidetti, 2006 ) and this theory is certainly supported by the dietary data of rock lobster prey 
consumption in Tasmanian waters. 
There are also noteworthy differences between sexes of lobsters from the same sample location 
and time.  Female lobsters appear to be targeting the bait in the traps at a considerably higher 
percentage than do the males.  This could be explained by the sex ratio of lobsters in the more 
densely populated Marine Protected areas.   As the male lobsters are primarily the target of the 
commercial and recreational fisheries and the fishing season on male lobsters is longer, many 
fished locations have considerably higher abundances of female lobsters.  
 
Although based upon a small sample size and a limited temporal snapshot, the lobster dietary 
samples did show differences between fished and non-fished locations which, while preliminary, 
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are insightful for understanding the dynamics between these locations and support previous 
studies (e.g. stable isotope analysis, (Guest et al., 2009) and observations (e.g. species changes in 
Maria Island Marine Protected Area, (Barrett et al., 2003)). The consistency across the samples 
also demonstrates the potential of trophic feedback mechanisms by lobsters predating species 
such as swell sharks and octopus that had previously been consider to be predators of lobsters.   
All of the prey identifications add to the overall knowledge of rock lobster behaviour and feeding 
ecology including off-reef feeding in marine reserves. This confirmation of the value of DNA 
dietary analysis to provide detailed information from only a small sample demonstrates the 
potential of the method. It is important to note that each sample only represents the diet of a 
few individual predators at a very brief snapshot in time from each location.  However, the ability 
to screen large numbers of samples non-destructively opens the way for understanding the role 
of lobsters in reef systems globally where they are often a key species. 
The development of the 454 pyrosequencing techniques has opened up the potential for 
substantially larger runs of samples and, given the considerably less sample handling by 
eliminating the need to insert amplified DNA fragments into bacteria, this technique is likely to be 
the best option in the future. Additionally, the 454 pyrosequencing data flow delivers ‘deep’ 
sequencing and the exhaustive nature of the technology can yield considerably more information 
for each individual sample (Edwards et al., 2006, Deagle et al., 2009).  Importantly for future 
research in this area, the costs associated with the 454 pyrosequencing technique are decreasing 
as more laboratories become equipped with the necessary apparatus and technical expertise to 
analyse the data. 
There are, however, presently some limitations with any library creation due to the reliance on 
genetics databases.  All species in these databases need to be accurately identified and 
sequenced prior to being entered into the public arena (Hebert et al., 2003b). Thus the databases 
are normally better for the well-known species, especially the conspicuous vertebrates, but often 
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poor for the lesser known, rare and unidentified organisms. The databases are increasing all the 
time and as a result it is often possible to determine an appropriate species or family if a close 
relative has already been identified and sequenced, even if no identifications have been 
submitted for members of that “type” in the specific region being analysed.  This is a common 
occurrence in the more sparsely studied southern temperate marine environment. 
This analysis has demonstrated the potential for DNA to provide detailed information on the diet 
of lobsters. Importantly, the use of non-lethal faecal material (Redd et al., 2008) enables samples 
to be obtain from marine protected areas and from a fishery where the commercial product is 
sold live and of high value. These results demonstrate the potential of dietary analysis to provide 
detailed information that has not previously been possible on lobster diet. The large number of 
samples that can be processed through the 454 pyrosequencing method can be used to examine 
dietary preferences from multiple regions across the fishery and to compare within and between 
protected and non-protected areas-the latter being important for the study of the impacts of 
climate change and the effects of fishing on marine resources. 
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Chapter 7 
 
Applications of molecular prey detection 
techniques to understand trophic linkages in 
marine systems 
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“…And a bright ideal, tomorrow  
Don't go too far 
Stay who you are 
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You only live a day 
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Independence Day 
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XO  
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Chapter 7: Applications of molecular prey detection techniques to 
understand trophic linkages in marine systems. 
 
 
7.1 Introduction 
 
Resolving diets of animals immersed in complex food webs in marine ecosystems is extremely 
challenging (Mayfield et al., 2000c, Nyssen et al., 2005) particularly when the animals are small, 
cryptic, nocturnal or residing in complex benthic or pelagic habitats. Direct observations of 
predation events are rare and may even fail to capture the normal behaviour of most of these 
animals over time (Pederson and Johnson, 2006, Sheppard and Harwood, 2005).  There are 
several well documented methods to identify prey consumed by animals, most of which require 
field collection and postmortem analysis of the digestive tract and morphological prey analysis of 
the ingested and macerated prey species (Rosel and Kocher, 2002, Williams, 1981, Hakala and 
Johnson, 2004).  The development of molecular methods has provided increased resolution 
(Symondson, 2002, King et al., 2008a) in both the variety of prey items and their contribution to 
diet.  This chapter describes three very different applications of dietary DNA analyses to 
demonstrate the broad applicability of these techniques to provide insights into and to enhance 
our knowledge of trophic linkages in marine systems. This is demonstrated through analysis of a 
key reef based commerncial invertebrate species (southern rock lobster – Jasus edwardsii), a 
small pelagic paralarvae (Octopus vulgaris) and large vertebrate predator from a protected region 
(seven gilled shark - Notorynchus cepedianus). 
 
 
These species present different rationales for the exploration of their diet as well as the 
techniques necessary to determine their prey consumption patterns and represent both the 
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versatility and diversity of potential options using molecular methods.  Firstly the southern rock 
lobster (Jasus edwardsii) was selected as an important temperate reef predator about which 
much speculation had arisen as to the trophic role of this animal in temperate reef ecosystems 
(Andrew and MacDiarmid, 1991, Kelly et al., 2000).  Previous work in California, New Zealand and 
South Africa suggested that many Palinurid crustaceans were key predators exerting top down 
regulation of kelp dominated nearshore systems (Barkai et al., 1996, Guest et al., 2009, van Zyl et 
al., 1998, Tegner and Levin, 1983a, Foster and Schiel, 2010).  Due to the valuable nature of these 
crustaceans, any dietary samples from the lobsters needed to be collected from live animals in a 
non-lethal manner. This necessitated the development of a method to obtain non-lethal samples 
which was achieved by obtaining faecal material (Redd et al., 2008). Importantly, the faecal 
material is assumed to contain a complete mixture of dietary intake, an issue that has hindered 
previous studies where the digestive processes of lobsters has limited the ability to identify many 
species (especially soft bodied species) through post-mortum examination of gut contents 
(Mayfield et al., 2000c). For lobsters, knowledge was required on specific predator prey 
interactions as well as an increased understanding of the breadth of lobster diet. Secondly, the 
seven gilled shark (Notorynchus cepedianus) was chosen as predator/scavenger about which very 
little was known.  The capturing, tagging and tracking of these sharks involved the non-lethal 
collection of stomach content materials through stomach flushing and evacuation (Barnett et al., 
2010a). These sharks were captured in a nursery zone where killing of sharks was illegal, 
therefore the ability to collect dietary information from species that are being used for multiple 
studies (e.g. tagging and tracking studies) and conservation nessitated the return to the sea alive 
of every individual captured. Furthermore, many of these species are in low relative numbers and 
maximising the information from each individual is required.  After initial separation of the 
flushed material into pieces that could be visually identified, there remained sections of prey that 
were either indistinguishable to species level or completely indistinguishable. For this shark 
species, where only a few samples were available, maximising the information from each sample 
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was important. Thirdly, understanding the prey of very small pelagic animals requires microscopic 
analysis of the gut contents and knowledge of phyto- and zooplankton species – several of which 
can be rapidly digested. Octopus (Octopus vulgaris) paralarvae, which had been previously 
collected from Spanish waters were investigated to determine the suitability for understanding 
planktonic trophic linkages.  
7.2 Overall methodology 
 
In order to identify either general or specific dietary components of any marine animal to a high 
taxonomic level, the initial development of any molecular method must be considered carefully 
(Symondson, 2002, King et al., 2008a).  Using species-specific or taxonomic group specific PCR 
primers to score the presence of known prey by PCR amplification can be validated with captive 
feeding experiments (Redd et al., 2008, Roura et al., 2010). Next, a molecular method must be 
tested for the detection and quantification of the natural prey of animals collected in the field 
(Barnett et al., 2009, Deagle et al., 2007, Jarman et al., 2004, Casper et al., 2007b). Because there 
are so many potential prey species in the marine environment, trying to resolve the entire diet 
using species-specific primers is seldom feasible as it is potentially prohibitively time-consuming 
and virtually impossible to create single-species primers for every possible invertebrate in any 
given marine bioregion (Blankenship and Yayanos, 2005).  It is, however, possible to answer a 
direct ecological question about the role of the predator by creating a very specific molecular 
assay – eg. examining the relationship between the predator and one or more key prey species 
(King et al., 2008a).  This approach was applied to understand the interactions between rock 
lobsters and sea urchins (see Chapter 5).  Additional challenges occur when working with a small 
sized predator such as Octopus vulgaris paralarvae which have a high metabolic rate and very 
efficient digestion. For this system, it was necessary to develop techniques which would be both 
stringent and sensitive for low levels of prey DNA.  The ratio of prey: predator DNA was also likely 
to cause challenges to the kinetics of the PCR reaction and increase the potential to amplify 
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predator DNA which would mask the presence of any available prey DNA. A nested PCR approach 
was chosen for this system to initially amplify all non-predator DNA and then to undertake a 
second PCR for groups of potential prey species.   Finally, a more conventional ‘forensic’ approach 
was applied to the seven gilled shark (Notorynchus cepedianus) system where relatively large 
pieces of prey could be collected and sorted into ‘rough’ taxonomic groupings.  For this work, the 
sorted prey items were used as an inventory of the sharks’ dietary consumption and molecular 
tools were used to provide exact species level identifications for all ‘known’ and ‘unknown’ prey 
material which had been recovered by non-lethal stomach pumping methods (Barnett et al., 
2009). 
 
 
7.3 Genetic methodology rationale and overview 
 
All eukaryotic cells contain mitochondria as mitochondria play an essential role in cellular 
metabolism (Wilson, 1999). These organelles contain multiple copies of circular DNA, the 
mitochondrial genome, often referred to as mitochondrial DNA (mtDNA) which typically encodes 
rRNA, tRNA, and numerous important cellular polypeptides (Freeland et al., 2011). These 
polypeptides are responsible for the production of protein complexes in the inner mitochondrial 
membrane which facilitate the production of ATP (Wilson, 1999). Based upon genomic similarities, 
gene regions from within the mitochondrial genome; Cytochrome C Oxidase I (COI), Cytochrome 
b (Cob), 12S rRNA and 16S rRNA have risen to prominence for phylogenetic studies (Liu et al., 
2011, Allcock et al., 2011), barcoding applications (Vences et al., 2005, Ward et al., 2005) and 
prey detection work (Symondson, 2002, King et al., 2008a, Ward et al., 2005).  The mitochondrial 
16S ribosomal RNA gene (16S rRNA) has been used successfully for designing group-specific 
primers which amplify this small region of the mitochondrial genome (Kasper et al., 2004).  This 
region is highly informative and well suited to use for dietary analysis (Deagle et al., 2005b, 
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Blankenship and Yayanos, 2005). Another mitochondrial gene region, Cytochrome Oxidase (COI), 
has been commonly chosen for barcoding, and has therefore attracted many sequences to the 
global genetics databases (Hebert et al., 2003b).  This region, however, is not necessarily ideal for 
designing species-specific primers as the variations between species and even groups of species is 
often only a few nucleotides (Nielsen and Matz, 2005, Vences et al., 2005), but nonetheless 
numerous authors have used it for prey detection purposes (Dalén et al., 2004, Farrell et al., 2000, 
Foltan et al., 2005).  These subtle variations are more ideally suited to species identifications 
when discrete amounts of prey tissue can be collected and we have used COI for this purpose 
with shark gut contents (Barnett et al., 2009), but not for the development of specific PCR primers.  
For these reasons, we primarily targeted small, multi-copy DNA fragments with universal primers 
from the 16S rRNA gene for prey inventories (Chapter 6), and in conjunction with group-specific 
primers designed to anneal short target templates of potential prey items, which would not 
amplify predator DNA for our nested PCR approaches (Roura et al., 2012). The nested PCR 
approach does, however, require a priori knowledge of the fauna that coexist with the predator. 
Fortunately, the GenBank and Barcode of Life databases have been well populated with relevant 
fish and invertebrate sequences, and there is a solid framework on which to base primer design 
(Ward et al., 2005, Holmes et al., 2008, Hebert and Gregory, 2005) with submitted sequences and 
thorough identifications increasing all the time. 
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7.4 Molecular methods 
 
Sample collection and DNA extraction 
 
The first step in developing any molecular based assay is to collect dietary material from the 
predator (Symondson, 2002).  This can be done lethally by directly removing the digestive tract 
and contents by dissection (Passmore et al., 2006) or in the case of small predators such as larvae, 
the entire predator can be analysed (Chow et al., 2006, Roura et al., 2010).  If a non-lethal 
approach is pursued (such as when the material is obtained from a high value live market 
commercial species (e.g. rock lobster) or when working in protected regions such as Marine 
Protected Areas or shark nursery grounds (e.g. seven gilled shark)) then it is necessary to use or 
develop methods that collect faecal material or stomach contents without killing the predator 
(Deagle et al., 2007, Dalén et al., 2004).  Lobster samples were obtained non-destructively by 
removing faecal material from the anal pore (Redd et al., 2008) and shark gut samples were 
collected by gastric flushing prior to the shark being released (Barnett et al., 2009). 
 
Gut content or faecal DNA must then be isolated from cellular material and other digestive 
compounds.  The DNA purified from stomach contents or faeces is likely to be a mixture of 
bacterial DNA (from microbial gut symbionts), predator DNA and the target prey DNA 
(Symondson, 2002).  The DNA from prey is highly degraded due to digestive processes (Deagle et 
al., 2006) but there are presently a wide range of commercial ‘kits’ which are designed to deliver 
consistent results and to yield quality DNA (Foran, 2008).  Most of these ‘kits’ contain proprietary 
reagents which have been modified from well-known laboratory protocols (MoBioLaboratories, 
2003, QIAGEN, 2004).  It is, however, necessary to determine the most suitable procedure to 
achieve the highest DNA yields from each type of dietary sample.  It is also important to ascertain 
which ‘kit’ will remove any potential compounds which would inhibit the PCR reactions and other 
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‘downstream’ applications (Juen and Traugott, 2006).  For the seven gilled shark analysis, a more 
cost effective DNA extraction approach was chosen with the QIAGEN DNeasy Kit (QIAGEN, 2004) 
and due to the small size of the Octopus vulgaris paralarvae digestive tracts the QIAamp DNA 
Micro Kit (QIAGEN, 2008) was chosen for this system.  For lobster faecal samples, the biochemical 
nature of the faecal pellets was most like that of soils and therefore The Ultra Clean™ Fecal/Soil 
DNA Kit (Mo Bio Laboratories, Inc.) was chosen.   
 
With this Ultra Clean™ Fecal/Soil DNA Kit, the faecal samples are loaded into a bead tube with 
sterilized beads designed to mechanically disrupt cellular membranes. This is the first part of the 
protocol which takes place in a buffer designed to disperse the faecal particles and begin the 
process of cell lysis with sodium dodecyl sulphate (SDS).  The SDS detergent breaks down fatty 
acids and lipids associated with the cell membrane of most eukaryotic organisms and the addition 
of a proprietary reagent (referred to as IRS) is intended to precipitate other PCR inhibitors which 
commonly occur in dietary samples. This precipitation step was extremely beneficial for the 
downstream use of the DNA in PCR-based applications explored in these dietary applications. 
After extensive mechanical and chemical lysis, the prey and predator cells have been broken open 
and then a centrifuge step is used to precipitate particulates of cell debris, shell fragments, 
sediment, beads, and humic acids into a pellet. At this stage, the DNA is in the liquid supernatant 
which is removed from the precipitated pellet.  The next steps involve further precipitation of 
remaining dissolved proteins with the addition of glacial acetic acid and a step to introduce 
chaotrophic salts to denature proteins.  Under these conditions, the DNA selectively binds to the 
silica resin in a manufactured spin column, allowing the rest of the cellular material to be 
separated by centrifuge.  When the DNA is selectively bound to the silica membrane in the spin 
filter device, most contaminants pass through the filter membrane, leaving only the desired DNA 
behind.  At this point in the protocol, several ethanol based wash solutions are used to further 
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clean the DNA that is bound to the silica filter membrane in the spin filter column. These wash 
solutions remove residues of salt, humic acid, and other contaminants while allowing the DNA to 
stay bound to the silica membrane. The final DNA isolation takes place by elution -removing the 
desired DNA from the silica membrane.  Once the DNA is released, it flows through the 
membrane, and into the collection tube. The DNA is released because it can only bind to the silica 
spin filter membrane in the presence of salt and the final elution buffer, 10 mM Tris pH 8 does 
not contain salt. 
 
For smaller samples including Octopus vulgaris paralarvae, the DNA was extracted with a QIAamp 
DNA Micro Kit (QIAGEN), using an RNA carrier in the initial lysis buffer. All steps followed 
manufacturer’s detailed protocols and instructions which employ the same basic chemistry as the 
The Ultra Clean™ Fecal/Soil DNA Kit, with the exception of the lysis step.   In the QIAamp DNA 
Micro Kit, the lysis was not done mechanically with beads and SDS, but instead with a protein 
degrading enzyme, proteinase K, and an incubation step at 56ºC which was done overnight.  Also 
the silica membrane in the QIAamp DNA Micro Kit (QIAGEN) in conjunction with the RNA carrier 
was considerably more efficient at isolating and binding the smaller amounts of DNA present in 
paralarvae.  This extraction protocol proved to be extremely beneficial for this application.  
 
For larger samples such as the shark gut contents, discrete pieces of prey tissue could be easily 
physically isolated from one another and sorted visually (Barnett et al., 2009).  With these much 
more substantial samples, a small subsample was taken from inside the larger piece of prey tissue, 
which avoided the potential contamination from predator DNA.  This situation necessitated a less 
robust DNA extraction protocol and the DNeasy Tissue Kit (QIAGEN) was used for all of these 
samples. 
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Specific PCR primer design 
 
Universal primers amplifying mitochondrial DNA (mtDNA) have been broadly used in phylogenetic 
studies (Inoue et al., 2007, Matthee et al., 2007) and in prey detection applications (Symondson, 
2002, Kasper et al., 2004). The 3’ end of the mitochondrial ribosomal 16S gene is particularly 
useful for these purposes as many sequences have been submitted to the international GenBank 
database (NCBI, 2006) and Barcode of Life database (Ratnasingham and Hebert, 2007). This 
mitochondrial region varies in size depending on the taxa because of insertions and deletions- 
enabling accurate taxonomic resolution and the identification of unknown sequences to species 
or genus. Numerous authors on molecular prey detection have successfully used this region to 
design group-specific and species-specific PCR primers (Deagle et al., 2005a, Deagle et al., 2005b, 
Jarman et al., 2004, Jarman et al., 2006). In order to avoid the amplification of the predator DNA, 
group-specific primers and species-specific primers can be designed using 16S rRNA sequences 
from GenBank by choosing a wide range of potential prey items which are then aligned to find 
regions of DNA within the target group of potential species where the primers would bind 
strongly but where predator DNA would not be amplified (Jarman et al., 2004). The software 
AMPLICON (Jarman, 2004) was used to identify the aligned regions which were likely to be useful 
as group specific primers in both the rock lobster and Octopus vulgaris paralarvae components of 
this thesis. Primer specificity must always be tested by PCR using a gradient of annealing 
temperatures on known template DNA from across the range of potential prey species as well as 
on predator DNA template as documented by numerous authors working in this field (Admassu et 
al., 2006, Chen et al., 2002, Jarman et al., 2006). 
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Table 1. PCR primers used in the current study showing the name, sequence of both forward and 
reverse primer, DNA target region, target group, expected amplicon size and the first published 
appearance of each primer.  
 
 
 
Genetic databases 
 
Occasionally while searching for rare predator (such as southern hemisphere marine invertebrate 
prey species) sequences in GenBank, relatively few matches would be made from particular 
taxonomic groups and therefore it was necessary to use sequences from related organisms from 
other regions.  Quite often species from Asia and the Pacific were available and these would be 
used preferentially to Atlantic species whenever possible if working on Australian predator/prey 
systems such as the southern rock lobster and seven gilled shark (Notorynchus cepedianus).  To 
ensure the correct sequences were used to design species-specific PCR primers, mtDNA16S 
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sequences were obtained from local sea urchins, (Centrostephanus rodgersii and Heliocidaris 
erythrogramma) for the detection of these species in rock lobster faecal material and from 
Atlantic zooplankton species sourced from plankton tows in the Spanish region for the detection 
of these species in Octopus vulgaris paralarvae. These species were collected, visually identified, 
and DNA was extracted from fresh tissue with the DNeasy Tissue Kit (QIAGEN) following the 
manufacturer’s protocol for animal tissues. PCR products were generated with the universal 
primers 16sar (5’-CGC CTG TTT ATC AAA AAC AT-3’) and 16sbr (5’-CCG GTC TGA ACT CAG ATC ACG 
T-3’) with the resulting amplicons ranging from 500bp-650bp. This approach may be necessary for 
developing new and novel prey detection assays where insufficient sequence data is available. 
 
To identify the diversity of species in seven gilled shark diet (Notorynchus cepedianus), the 
combination of GenBank and BOL genetic databases resulted in exact species level identifications 
in most cases, avoiding the challenges associated with poor species matches (Barnett et al., 2009).  
This is a result of considerable efforts to resolve the taxonomy and to subsequently barcode the 
fishes of Australia (Ward et al., 2005).   This increased taxonomic resolution resulted in improved 
information on the frequency of occurrence of several species in the diet and therefore the 
importance of species-specific trophic linkages. Morphological analysis had identified Mustelus 
antarcticus as a relatively important prey species of Notorynchus cepedianus, however DNA 
analysis showed that Notorynchus cepedianus had actually consumed twice the number of 
Mustelus antarcticus, emphasising the importance of predator-prey link between these species 
(Barnett et al., 2010b).  By undertaking molecular analysis of unidentifiable prey and using the 
combination of GenBank and BOL genetic databases, the number of species with precise 
identification was doubled. This resulted in a better understanding of both the diversity of prey 
items consumed and the importance of specific prey species to Notorynchus cepedianus diet. 
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Polymerase chain reaction (PCR) platform 
 
Most PCR reactions are performed with a single set of primers to establish a binary result for the 
presence or absence of the DNA in a given sample or to sequence the unknown amplicons for 
species level identification (Altshuler, 2006).  This basic approach generally necessitates an 
electrophoresis step to confirm the amplification (McPherson, 1991).  This additional step can be 
avoided by using a quantitative Real Time PCR (qPCR)-based platform to track the amplification 
reaction in real time (Bustin, 2004, Weber and Lundgren, 2009b, Perkel, 2006).  For dietary assays, 
additional quantitative information is also generated by using qPCR and a SyBr green dye in 
conjunction with species specific primers, without the need for electrophoresis (Deagle and Tollit, 
2006).   
 
A more complex approach to PCR may be required in cases where predator DNA greatly 
overwhelms potential prey DNA in the amplification reaction (Roura et al., 2012).  In order to 
detect prey DNA inside the digestive tract of the paralarvae a nested PCR was performed by using 
group-specific primers for the first amplification and then using the resulting PCR product (diluted 
five times) as template for a subsequent PCR with species-specific primers (Roura et al., 2012).  
This approach was necessary to overcome the abundance of predator DNA and highlights the 
challenges associated with homogenizing the entire predator and extracting DNA from the whole 
organism.  Although the nested PCR approach was used successfully for resolving the diet of 
Octopus vulgaris paralarvae there are other techniques that are based on amplifying the stomach 
content with universal primers accompanied by a secondary analysis to distinguish between the 
different sequences obtained and also novel methods of ‘blocking’ the amplification of predator 
DNA while amplifying only the prey DNA templates (Blankenship and Yayanos, 2005, Chow et al., 
2011, Dunshea, 2009, Vestheim and Jarman, 2008).   These techniques have considerable 
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potential to improve the amplification efficiency of any molecular prey detection experiment and 
as such are worthy of considering when predator DNA has the potential to “swamp” the analysis. 
 
Quantification of prey: qPCR 
 
The ultimate goal of many predation studies is to develop a full prey inventory and to quantify the 
abundance of each prey item in the diet of the predator.  To fully understand the diet of wild 
animals using molecular tools, a portion of the goal of prey quantification can be achieved by 
starting with a model system and conducting rigorous feeding experiments to validate prey intake 
under controlled conditions (Deagle et al., 2006, Deagle et al., 2005b).  There are, however, 
significant challenges when using these experiments to interpret samples collected from wild 
predators.  If a degraded dietary sample contains low concentrations of prey DNA, the exact 
source of this material cannot easily be resolved by molecular analysis.  For example, a predator 
may have consumed a small amount of prey material quite recently, or may have ingested a 
larger amount of prey material a longer time ago.  Both of these scenarios have the potential to 
show low prey DNA concentrations despite the later prey item potentially being a major 
contributor to the diet.  These ambiguities aside, the overall detection rates as ‘presence or 
absence’ (binary data) can be quite informative.  Presence and absence data can be obtained 
much more quickly and efficiently by using the qPCR platform because the electrophoresis step 
after PCR is not necessary.  
Identification of prey from mixed templates: DNA cloning and sequencing 
 
The isolation of unique DNA molecules from mixed, complex environmental samples has always 
been problematic for molecular biologists (Satokari et al., 2003, Edwards et al., 2006, Rappe et al., 
1997, Bowman and McCuaig, 2003).  Initial steps in the process require the amplification of DNA 
by PCR and then either; cloning the amplicons into plasmids for growth in bacteria on agar plates 
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(Dorigo et al., 2002) or using next generation sequencing technology (Deagle et al., 2010, Deagle 
et al., 2009, Diggle and Clarke, 2004, Edwards et al., 2006).  Both of these approaches are 
presently time consuming and relatively expensive to perform, rendering them relatively 
impractical for large numbers of field samples and broad scale dietary analysis.  These techniques 
are, however, important tools when commencing a new prey inventory study and therefore may 
be required. 
 
For the work in this thesis, several clone libraries were made using PCR products from rock 
lobster faecal samples (Chapter 6) and the digestive tract of the Octopus vulgaris paralarvae 
(Roura et al., 2012).  The results from the Octopus vulgaris paralarvae experiments revealed 
several new prey identifications and broadened the understanding of trophic relationships in the 
mesozooplankton (Roura et al., 2012).  The colonies screened from rock lobster faecal samples 
yielded several new prey identifications including Octopus maorum and a previously un-
sequenced Criniodea (Chapter 6).  Both of these prey identifications add to the overall knowledge 
of rock lobster feeding ecology but only represent the diet of individual animals at a very 
particular snapshot in time.  For large numbers of rock lobster faecal samples, this clone library 
approach was not feasible for developing a comprehensive dietary inventory and therefore 
pyrosequencing was employed using the next generation/pyrosequencing/454 platform (Chapter 
6). 
 
As new high-throughput sequencing technologies such as pyrosequencing, are being increasingly 
used for dietary analysis, the enormous amount of data obtained (Deagle et al., 2010, Deagle et 
al., 2009) presents a major challenge to manage.  There are, however, considerable benefits of 
pyrosequencing when compared to the clone library approach.  Many more samples can be 
efficiently screened and broad inventories created without having to grow bacterial colonies.  It is 
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important to note that this pyrosequencing technology is still limited by the specificity of the 
primers employed as in all amplification based methods.  
 
Sample bias towards DNA of predators: a pitfall of cloning and sequencing 
 
There is often considerable predator DNA in any mixed dietary sample (faeces, vomit, stomach 
content) which has the potential to ‘swamp’ downstream molecular analysis (Deagle et al., 2005a, 
Casper et al., 2007b, Chow et al., 2011, Farrell et al., 2000, Weber and Lundgren, 2009b).  This is 
not necessarily a problem with the newer pyrosequencing platform, as this technology can deliver 
thousands of sequences per sample giving sufficient data on dietary composition even with the 
large numbers of predator sequences (Raye et al., 2011).   Several authors have reported on the 
use of blocking primers (Vestheim and Jarman, 2008), nested PCR (Roura et al., 2012) and suicide 
polymerase techniques (Green and Minz, 2005) to eliminate the more dominant/predator 
sequences in dietary samples, but for this work on the rock lobster, these approaches were not 
deemed appropriate.   The primary reasons for this were the lack of knowledge about the other 
organisms in the rock lobster diet and the goal of developing a complete inventory of all items 
consumed by this predator across locations and times.  Many benthic invertebrates from 
temperate Australia which have the potential to be lobster prey items were either not present in 
the databases for use in developing blocking primers or nested PCR.   Additionally there is a high 
likelihood that other decapod crustaceans were a dietary component of the rock lobster diet as 
shown in the preliminary clone library (Chapter 6). 
 
In contrast, for work on the Octopus vulgaris paralarvae (Roura et al., 2012) the nested PCR 
approach was chosen as the likelihood of other cephalopods in the diet was very low and the 
group-specific PCR primers could easily be designed for all other zooplankton in the region.   All 
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octopus digestive tracts yielded amplifiable DNA with the primer sets used suggesting that the 
digestion process had not entirely degraded the prey material but this result did not eliminate the 
possibility that predator DNA was being amplified.  When the complete library of 118 clones were 
sequenced, 115 readable sequences were obtained but only three clones (2.5%) could be 
attributed to prey as all the other amplicons corresponded to the band of the first PCR 
(approximately 370 bp), which was not specific for the known prey species. When using the 
nested PCR approach and the full library of 112 clones were sequenced, all clones corresponded 
to the nested PCR band and were 100% specific for prey species with no clones from the predator.  
These results clearly demonstrate the successful use of nested PCR to eliminate the large 
amounts of predator DNA often associated with dietary samples.  This is consistent with the 
reports of other authors (Vestheim and Jarman, 2008, Passmore et al., 2006) and validates this 
technique for future work where the ratio of predator to prey DNA dominates. 
 
7.5 Pitfalls associated with molecular techniques 
 
Primer design in silico based upon sequence availability  
 
Developing both species-specific and group-specific PCR primers can be problematic in 
environments where complete sequence coverage is not available. In such situations, the design 
of group-specific primers without complete knowledge of the prey species might eliminate not 
only predator but also prey DNA from the full range of potential prey species being detected.   
 
A method to overcome this challenge involves the use of restriction analysis with endonucleases 
targeting predator DNA, leaving prey DNA intact for amplification (Blankenship and Yayanos, 
2005, Suzuki et al., 2006, Dunshea, 2009).  This approach requires a unique restriction enzyme 
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cutting site in the predator that is not present in any prey, necessitating a priori knowledge of the 
prey in order to select the endonucleases.  This can be accomplished using software designed 
specifically for the selection of restriction enzyme cutting sites (Jarman, 2006).  Another viable 
option is to selectively block predator DNA from amplification, as in the example of using a 
predator blocking primer to avoid amplification of the Antarctic krill, Euphausia superba, which 
consisted of an annealing inhibiting primer overlapping with the 3’ end of the reverse universal 
primers for 28S rDNA, but extended into krill-specific sequence and modified with a C3 spacer at 
the 3’end (Vestheim and Jarman, 2008). More recently authors have applied a lobster-specific 
peptide nucleic acid (20 nucleotides) designed to anneal at the junction of the 18S rDNA and the 
internal transcribed spacer 1 (ITS1) to selectively inhibit amplification of the Japanese spiny 
lobster Panulirus japonicas and eel Anguilla japonica (Chow et al., 2011). Although blocking 
methods are promising they have the potential to exclude the amplification of other prey species 
as well which greatly reduces the utility of the assay for broad species identification.  For these 
reasons, none of the above methods were selected for either the Octopus vulgaris paralarvae 
(Roura et al., 2012), rock lobster (Redd et al., 2008) or seven gilled shark work (Barnett et al., 
2009) as described in this thesis. 
 
Variability in PCR primer performance 
 
Group-specific PCR primers were designed to amplify the most common potential prey species 
from a wide range of marine taxa (Jarman et al., 2006). The 3’ end of the mitochondrial ribosomal 
16s gene region was selected for designing group-specific primers, because this variable region is 
widely used for both molecular identification and dietary analysis.  Before designing group-
specific primers, the universal primers 16Sar and 16Sbr (Simon et al., 1994) were assessed for 
broad taxonomic screening as they had been successfully applied to identify prey in the guts of 
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cephalopods (Braley et al., 2010), fur seals and penguins scats (Casper et al., 2007b, Deagle et al., 
2005b) and wasps (Kasper et al., 2004). Nonetheless, preliminary tests conducted with DNA 
extracted from different crustaceans and Octopus vulgaris, revealed the strong affinity of these 
primers for Octopus vulgaris DNA, whereas no amplification was obtained from any of the 
planktonic crustaceans tested.  Although “universal” primers supposedly amplify DNA in a wide  
range of species (Simon et al., 1994),  often when PCR is applied to a mixed source of template 
DNA the reaction can fail (Jarman et al., 2004). This reaction efficiency may be attributed to the 
dominance of some sequences in the template mix which disproportionally amplify and therefore 
mask any rare sequences present in lower concentrations.  The PCR reaction may also amplify the 
DNA templates which are of a higher quality, such as intact predator material as opposed to 
degraded prey remains (Blankenship and Yayanos, 2005). The “universal” PCR reactions carried 
out here on different planktonic crustacean species suggest that the problem was with the 
universal 16Sbr primer, because expected amplicons were obtained when the reactions were 
carried out with the primers 16Sar-16Scrur and 16Scruf-16Scrur, but no amplifications where 
obtained when 16Sbr was present in both combinations 16Sar-16Sbr and 16Scruf-16Sbr.  
 
Secondary predation and ‘background’ material  
 
Secondary predation occurs when a predator consumes a second predator, shortly after the latter 
has consumed the target prey and several authors have detected this using molecular techniques 
(Sheppard et al., 2005).  This type of intraguild predation could potentially restrict the 
interpretation of any data obtained. While this error was negligible in antibody-based systems 
(Harwood et al. 2001), in a PCR-based study secondary predation was found to be a significant 
potential source of error four hours after eating the primary predator (Sheppard et al., 2005). 
However, the importance of secondary predation as a source of error will depend almost entirely 
upon the digestion rates of the predators involved. In the case of crustaceans, little is known 
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about the digestion of prey-associated DNA during gut transit, but several works suggest that 
digestion may be partial and a significant fraction of prey fragments might survive gut transit in 
copepods (Montresor et al., 2003, Gagnon et al., 2011).  
 
Taking this into account with the Octopus vulgaris system (Roura et al., 2012), secondary 
predation might be a plausible explanation if the paralarvae ingested the copepod shortly after 
the prey was consumed by the copepod. Nevertheless, there is little direct evidence to 
substantiate a potential secondary predation event as copepod DNA was not detected inside the 
Octopus vulgaris paralarvae. But local knowledge would suggest the detection of secondary 
predation may have taken place because copepods are one of the most abundant zooplankton 
taxa in the Ría of Vigo (comprising 35-56% of the total abundance from July to October). Thus, 
encounter rate mediated by stochastic movements would suggest that paralarvae and copepods 
would have frequent encounters and the likelihood of predation events is very high. 
 
The rock lobster system, on the other hand has considerable potential for the detection of both 
secondary predation as well as the ‘environmental’ consumption of prey DNA from sediment 
sources.  This is due to the recently reported foraging behaviour of rock lobsters where ingestion 
of benthic detritus and sediment material is a relatively common occurrence (Langlois et al., 
2006). Thus, there is a higher likelihood that this sort of secondary prey detection and/or 
detection of waste products in the sediment (see Chapter 5) could occur with Jasus edwarsii. 
 
Technical capacity and costs associated with molecular biology 
 
The present capacity of international research institutes will enable most (if not all) of the 
techniques described in this thesis to be carried out ‘in house’.  There is, however, a level of 
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technical proficiency required to perform the molecular assays and appropriately skilled 
personnel are necessary to successfully undertake any new prey detection project.  Although the 
reproducible nature of molecular biology has been greatly increased with the advent of ‘kit’ 
based DNA/RNA extraction as well as PCR and qPCR reagents, these proprietary chemicals are 
notoriously costly, putting them out of range to projects lacking sufficient funds.   
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7.6 Benefits associated with molecular techniques 
 
Primers and software are widely available 
 
Taxon-specific DNA markers can be designed by identifying short DNA regions unique to a given 
prey species as described throughout this thesis.  Presently, however, there are so many group-
specific, species-specific and ‘universal’ PCR primers which are widely available and published in 
the literature that beginning any new prey detection assay is relatively straightforward without 
the need for designing new primers (Admassu et al., 2006, Folmer et al., 1994, Pons, 2006, King et 
al., 2010, Jarman et al., 2006, Vestheim et al., 2005, Zeale et al., 2011).  
 
For more specific target species, PCR primers can be made using a wide range of beneficial 
software (Rychlik, 2007, Fu et al., 2008, Jarman, 2004, Thornton and Chhandak, 2011) enabling 
any ecological application of molecular prey detection to be developed and for the results to be 
quickly and efficiently interpreted as simple presence or absence of prey/species/groups of 
species.  Additionally, the wide range of ‘universal’ primers which have broad utility for the 
creation of prey inventories or for getting started with completely unknown predator/prey 
systems are well suited to nearly any new  molecular prey detection experiment (Blankenship and 
Yayanos, 2005, Pegard et al., 2009, Pineau et al., 2005, Pons, 2006). 
 
High reproducibility and rapid results 
 
The reproducible nature of molecular biology has been greatly increased with the advent of ‘kit’ 
based DNA/RNA extraction as well as PCR and qPCR reagents.  As a result, greater cross-regional 
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collaborations are now possible by using identical reagents and sample processing chemistries at 
numerous facilities.  It is also now currently possible to more easily perform assays which have 
been developed by colleagues from other institutes as is demonstrated here by the publication of 
numerous group-specific and species-specific PCR primers and the use of previously published 
primer sets when implementing a new prey detection or species identification assay.   A prime 
driver is the rapid expansion of the international genetics databases which have been populated 
by researchers from around the world (Hebert et al., 2003b, Ward et al., 2005) who have all used 
a standard gene region to sequence species in their collections (Hajibabaei et al., 2006).  Unlike 
previous techniques where visual identifications were being performed by differently 
experienced and trained individuals or teams, the use of genetics databases ensures that all 
identifications are exactly the same, based upon sequence data. 
 
7.7 Discussion 
 
The diet of marine predators can be hard to determine and even more difficult to quantify 
accurately because of biases associated with the methods for identifying prey items (Mayfield et 
al., 2000c, Pierce and Boyle, 1991, Williams, 1981). The most common method for studying 
predator diet is still the morphological identification of prey items recovered from stomach 
samples (Joyce et al., 2002, Reñones et al., 2002, Brunnschweiler et al., 2005, Kamler and Pope, 
2001, Phillips et al., 2001, Phillips et al., 2003).  Although a common goal of dietary studies is to 
estimate quantities of food items consumed by populations of a predator, there are numerous 
biases in prey species identification caused by differential digestion of morphologically 
identifiable items.  This leads to inaccurate estimates of food composition and therefore most (if 
not all) attempts at dietary quantification have caveats associated with absolute predation 
quantification (Weber and Lundgren, 2009b, Deagle and Tollit, 2006). 
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DNA has recently been used as an alternative approach to determining predator diet with a range 
of ecological and technical questions/applications being resolved by using these techniques 
including:  diverse prey of large predatory fish (Smith et al., 2005), species identification of krill 
consumed by whale sharks (Jarman and Wilson, 2004) and larval cod in the stomach of predatory 
fishes (Rosel and Kocher, 2002).  DNA has additionally been used to examine prey items with 
some examples including: species identification of fish consumed by giant squid (Deagle et al., 
2005a), salmonids eaten by harbour seals (Purcell et al., 2004) and grey seals (Parsons et al., 2005) 
and identification of nototheniid fish consumed by Adelie penguins  (Jarman et al., 2002). 
 
DNA does have several advantages over conventional morphological analysis as the potential 
dietary biomarker of choice primarily because DNA is universally present in all food organisms 
and all food organisms have a unique DNA sequence (Symondson, 2002). Most prey tissues, 
therefore, contain DNA and because only a small amount of DNA is needed for analysis, DNA is 
easily detectable even in minute quantities, making it suitable for dietary studies which rely on 
digested and degraded material (Gagnon et al., 2011, Harper et al., 2005, King et al., 2008a).  As 
the biological function of DNA is to store information there are multiple DNA repositories within 
every living cell- primarily the nuclear DNA and the mitochondrial DNA (Freeland et al., 2011) and 
some of the information contained in each DNA molecule can be used to identify individuals, 
species or higher taxa.   
 
Two short DNA regions unique to a given species or group of species can be identified and PCR 
primers designed to be specific to these regions can be used to amplify DNA only from this group 
of organisms.  An example of this molecular taxonomic ‘group-specific’ approach has been used 
to detect the presence or absence of a wide and varied range of prey items and we have outlined 
the design and utility of this approach to determine the longevity of the DNA ‘signal’ in the gut of 
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rock lobsters in captivity (Chapter 2 and 3).  Using additional group-specific PCR primers which 
effectively amplify prey DNA- avoiding predator DNA and by using a twostep nested PCR-based 
approach, it has been demonstrated for the first time that prey items can be identified from 
Octopus vulgaris paralarvae collected in the wild (Roura et al., 2012). A range of ecological 
questions and aquaculture experiments can now be addressed concerning the trophic role of 
Octopus vulgaris and the potential for rearing of this species in order to increase the low survival 
of this early life stage, a goal which has been actively pursued for over 50 years (Itami et al., 1963, 
Ambrose, 1984, Wells, 1978).  The more focused ‘species-specific’ PCR based approach to dietary 
analysis was explored in Chapter 5, where the relationship between rock lobsters and two species 
of sea urchins is examined with in situ field experiments and molecular prey detection techniques.  
The use of a directed ‘species-specific’ molecular assay illustrates the potential to answer 
ecological questions using DNA-based tools and highlights the benefits of using DNA as a dietary 
biomarker. 
 
The species level identification of discrete prey remains can be a major advantage of using DNA to 
resolve predator diet.  The example of the seven gilled shark (Barnett et al., 2009) illustrates this 
point clearly, as the initial visual inspection of stomach contents could reliably identify only 42% 
of the prey remains, but by sequencing the DNA from the unidentified items, the species level 
identifications went up to 85%.  Of the 22 prey species found to comprise the diet of the seven 
gilled shark, 7 species were only identified by using DNA sequencing technology (Barnett et al., 
2009).  This demonstrates an additional benefit of using molecular techniques for the 
improvement of taxonomic information available from degraded dietary samples. 
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Further detail about the complete inventory of potential prey species within a mixed dietary 
sample may be obtained either by cloning and sequencing or with gel mobility methods, the 
latter of which was not explored in this thesis (Martin et al., 2006, Diez et al., 2001, Deagle et al., 
2005a).  The broad dietary information which can be gained by DNA cloning and sequencing 
('clone library') analysis is described in Chapter 6.   
 
Molecular methods have certainly proven to be the most effective way to determine the diet of 
Octopus vulgaris paralarvae due to its pelagic habitat, small size, ingestion mechanism and high 
digestion rates, which make traditional detection of prey with morphological analyses impossible 
(Roura et al., 2012, Roura et al., 2010). This is the first time that prey items have been identified 
in Octopus vulgaris paralarvae taken from the wild.  In a captive study, the first step was to 
develop a molecular technique to detect prey inside a single paralarvae with species-specific 
primers (Roura et al., 2010). This new approach represented the next logical step, aimed at 
understanding the trophic ecology which has been in question since the first attempt to culture 
the species (Itami et al., 1963). These results can be directly applied to aquaculture in order to 
better understand the nutritional requirements of larvae in the wild which is expected to assist in 
improving the low survival rate that octopus display in captivity (Villanueva and Norman, 2008). 
Besides the industrial application of this data and technical development, the techniques have 
begun to unravel a key component of the ecology of Octopus vulgaris paralarvae within the 
complex pelagic food web. 
 
The initial challenges of amplifying DNA from crustaceans with universal primers hindered the 
creation of the genetic database of the prey species present in the Ría of Vigo. It was therefore 
necessary to perform this prey inventory with the primer set 16Sar-16Scrur. Nevertheless, 
copepods had to be excluded from the database because we could only amplify prey DNA from 
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them when removed from the Octopus vulgaris template. Although the designed group-specific 
primers only differed in 4 nucleotides with aligned copepods in silico, this variation was sufficient 
to preclude copepod amplifications at all possible annealing temperatures. This unexpected 
failure to amplify copepod DNA is a potential consequence of using group-specific primers 
(Jarman et al., 2004, Braley et al., 2010, Deagle et al., 2005b) which have been designed to 
exclude from amplification Octopus vulgaris DNA. Nevertheless, an interesting application of this 
primer affinity demonstrates that these primers can be used to identify prey in copepods with the 
obvious benefit of excluding the predator.  
It was remarkable that three of the four prey species identified in copepods were also detected in 
Octopus vulgaris gut content clones. In fact, six copepods matched 80-82% with Alpheus 
distinguendus, a prey that was recovered in 20 clones from Octopus vulgaris and Pirimela 
denticulata which was detected in 3 copepods (100%), which also corresponded to 4 of the clones 
obtained from Octopus vulgaris gut contents. Whether this represents a detection of target prey 
or a case of secondary predation, is uncertain.  
A group specific reverse primer designed for crustaceans (Braley et al., 2010) was tested in 
conjunction with 16Sar (Simon et al. 1994) but this pair did not discriminate between predator 
and prey DNA. This inefficacy has been previously described (Simon et al 1994) as only 11 of 184 
PCR attempts produced successful amplifications of krill and shrimp with the crustacean-specific 
primer. Another universal primer pair with degenerate sequences designed by Deagle et al. (2007) 
was tested but failed to generate the anticipated amplicons from Octopus vulgaris paralarvae gut 
samples. It is important to note that those degenerate group specific primers were designed 
based on primers used in Deagle et al. (2005), which targeted cephalopods and teleost fishes. The 
universal degenerate primers designed in Deagle et al. (2007) exclusively amplified DNA from 
fishes (59 clones) and cephalopod (1 clone). When applied to our Octopus vulgaris paralarvae gut 
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samples, the only result was a continuous smear in all samples tested (crustaceans, chaetognats 
and octopus, data not shown) under a wide range of different annealing conditions.  
 
At several stages of analysis, species or genus level identifications were not possible because no 
similar sequences were present in either the GenBank or Barcode of Life databases. Phylogenetic 
relatedness was, in these cases, indispensable as it was necessary to assign the unidentified 
sequences to the highest/closest taxonomic lineage possible. This reflects the difficulty when 
working with the diet of generalist predators where there is limited sequence information 
available to target the large diversity of potential prey taxa (Blankenship and Yayanos, 2005, 
Suzuki et al., 2006). A well-known prerequisite for resolving the diet of any generalist predator is 
the extensive characterization of the system (King et al., 2008a). In this work all the sequences 
that were submitted to GenBank from zooplankton species (4) were also detected in the gut of 
the paralarvae (Roura et al., 2010, Roura et al., 2012). This highlights the importance of an 
appropriate genetic database to obtain the highest level of identification and to reduce the 
uncertainty of any species identifications. More efforts should be undertaken to increase the 
comprehensive nature of the genetic databases for marine organisms which will increase the 
taxonomic level of identifications at the genera or species level.  
 
7.8 Conclusion and future directions 
 
The primary aim of this work was to develop molecular methods to identify the natural prey of 
several important temperate marine species. This dietary knowledge is critical to understanding 
trophic links and to building models for managing marine resources.  There are additional 
benefits which will aid in the design of an optimal diet for the planktonic larval phases for 
potential aquaculture operations and for understanding the implications of large predators in 
nursery systems such as shark nursery areas. In conclusion, several PCR-based techniques have 
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been successfully created, forming the basis of a suite of novel molecular analyses to detect prey 
in a wide range of marine predators obtained from the wild. Several of the model systems 
explored were the first attempt to unravel the complex trophic interactions for these species and 
at present, it is unclear whether these data are just scratching the surface with these dietary 
studies or if the full spectrum of prey consumed have been completely resolved, but undoubtedly 
this initial step is an important starting point to addressing fundamental questions about the 
ecology of these animals. All molecular techniques have particular limitations, and therefore 
studying the diet of any generalist predator ideally requires a combined approach to fully 
understand its biology.  
 
The next directions and applications of these techniques should revolve around the variation of 
predator diet across broad spatial and temporal scales.  Of particular interest is the impact of 
climate change on trophic interactions in ecosystems.  As waters warm, species are moving pole 
wards but at different rates.  New ecosystems and ecosystem interactions are evolving.   There is 
also considerable scope to expand the research around the differences in diet between fished 
and unfished locations to augment or reduce the need for traditional manipulative experiments 
(caging, exclusions, removals, etc.) which ultimately have an impact on marine ecosystems.  It is 
also recommended that these molecular techniques are expanded into bioregions where 
extensive predator/prey research is already underway.  Many authors in these areas (New 
Zealand and South Africa in particular) strive to demonstrate trophic relationships in complex 
temperate reef systems and have shown that rock lobsters, in particular are indeed a top 
predator exerting top down regulation.  The debates about fishing quotas, annual harvest limits, 
upper/lower size limits and spatial closures need as much additional information as possible to 
better inform marine resource managers.   The work in this thesis represents another important 
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tool for understanding the complex nature of marine ecosystems and a way forward for the next 
generation of marine ecologists.         
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Chapter 8 
 
Conclusion: Resolving marine predator diet 
on the molecular frontier 
 
 
 
 
 
“…Have to admit, I felt a little out of place,  
 
But I swear to God, I have seen it all now, 
 
Nothing shocks me anymore....” 
 
 
 
 
Seen it all 
 
Jake Bugg 
 
Jake Bugg  
 
2013 
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Chapter 8: The conclusion: resolving marine predator diet on the 
molecular frontier 
 
 
8.1 Introduction 
 
I show clearly that molecular techniques can be used successfully to detect specific prey 
consumed by the southern lobster (Jasus edwardsii Famliy Palinuridae) in situ and to this end, 
have developed a suite of sensitive and ecologically important assays to fit this species.  I have 
also explored the diet of a range of other important, but poorly understood, temperate marine 
predators including the common octopus (Octopus vulgaris) and the seven gilled shark 
(Notorynchus cepedianus). 
 
In most cases an efficient and non-lethal method was used to collect dietary samples and this 
approach, although necessitating additional and careful field handling of the animals, has 
provided a platform for the deployment of similar assays on endangered / rare / threatened 
species and for work in protected marine areas (Chapters 2 and 7). 
 
Strengths and weaknesses of DNA as a dietary biomarker need to be understood for any new 
dietary study.  Species-specific DNA-based approaches are not intended for: 'What does animal X 
eat' type studies, but will better suit broad temporal, spatial and individual level diet estimation 
questions.  Species-specific DNA-based approaches are particularly good for directed questions 
and for obtaining high taxonomic resolution when studying predation in situ.   The case study we 
present for exploring the relationship between rock lobsters, sea urchins and temperate reef 
structure (Chapter 5) is an example of using this approach on an ecologically relevant scale.  As 
such, this thesis represents a milestone in the field of molecular trophic interactions and 
demonstrates the utility of using DNA-based techniques on a large scale. 
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Presently the technology for DNA quantification is excellent but interpretation of this data in the 
dietary context remains a considerable challenge.  There are not many technical difficulties in 
exploiting the potential of DNA for animal diet estimation but validating these studies from wild 
samples is particularly problematic. The quantitative PCR approach can determine the number of 
copies of prey DNA present in a sample, but is currently unable to discern the difference between 
a small amount of prey consumed recently and a larger amount consumed a longer time in the 
past which has remained after extended digestion by the predator (Chapter 4). 
 
8.2 Conclusion 
 
The primary aim of this work was to develop molecular methods to identify the natural prey of 
several important marine species. This dietary knowledge is critical to understanding trophic links 
and to building models for managing marine resources.  There are additional benefits which will 
aid in the design of an optimal diet for the planktonic larval phases for potential aquaculture 
operations and for understanding the implications of large predators in nursery systems such as 
shark nursery areas. In conclusion, I have successfully created several PCR-based techniques 
which form the basis of a suite of novel molecular analyses to detect prey in a wide range of 
marine predators obtained from the wild. Several of the model systems I explored were the first 
attempt to unravel the complex trophic interactions for these species and I am presently unsure 
of whether we are just scratching the surface with these dietary studies or we have almost 
completely resolved the full spectrum of prey consumed, but undoubtedly this initial step is an 
important starting point to addressing fundamental questions about the ecology of these animals. 
All molecular techniques have particular limitations, and therefore studying the diet of any 
generalist predator ideally requires a combined approach to deeply understand its biology.  
 
The next directions and applications of these techniques should revolve around investigating the 
variation of predator diet across broad spatial and temporal scales.  Of particular interest is the 
impact of climate change on trophic interactions in ecosystems.  As waters warm, species are 
moving polewards but at different rates.  New ecosystems and ecosystem interactions are 
evolving.   There is also considerable scope to expand the research around the differences in diet 
between fished and unfished locations to augment or reduce the need for traditional 
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manipulative experiments (caging, exclusions, removals, etc.) which ultimately have an impact on 
marine ecosystems.  It is also recommended that these molecular techniques are expanded into 
bioregions where extensive predator/prey research is already underway.  Many authors in these 
areas (New Zealand and South Africa in particular) strive to demonstrate trophic relationships in 
complex temperate reef systems and have shown that rock lobsters, in particular, are indeed a 
top predator exerting top down regulation.  The debates about fishing quotas, annual harvest 
limits, upper/lower size limits and spatial closures need as much additional information as 
possible to better inform marine resource managers.   The work in this thesis represents another 
important tool for understanding the complex nature of marine ecosystems and a way forward 
for the next generation of marine ecologists.        
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